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A B ST R A C T
In the search for an explanation for the severe decline in the eastern oyster
(Crassostrea virginica) fisheries, the Apicomplexan parasite Perkinsus marinus has
emerged as a major cause o f mortalities. Although the exact mechanisms o f its
pathogenicity are unknown, it has been recognized for decades that temperature and
salinity control the annual prevalence and intensity o f P. marinus infections and its
geographic distribution. Eastern oysters appear unable to mount an effective defensive
response that contains the infection and prevents its progression. P. marinus produces a
number o f extracellular proteins (ECP), including proteases, which may allow P. marinus
to evade host defense mechanisms. The objectives o f this study were to investigate the
extent temperature and salinity influence ECP expression and proteolytic activities and to
evaluate the effects o f P. marinus ECP and purified proteases upon hemocyte motility,
Iysozyme and hemagglutination in vitro.
To examine the effects o f temperature on protein production, the P. marinus
isolate Perkinsus-1 was incubated at 28°C, 23°C and 17°C for four weeks and sampled
weekly. Reduced cell growth was observed at 17°C compared to the cells incubated at
28°C and 23°C. Initially, higher proteolytic activity was apparent in the ECP of 28°C and
23°C samples than in the 17°C samples, but the activity in the 17°C samples increased to
similar levels by week three. However, the 17°C samples did not hydrolyze substrate
impregnated SDS-PAGE gels. ECP produced by the 17°C cultures had a different SDSPAGE protein banding pattern compared to the other samples. There were four bands
present which were not apparent in the other samples, as well as four bands present in
other samples which were not present in the 17 °C samples.
To examine the effects of salinity on protein production, P. marinus was incubated
in BSA-free JL-ODRP-1 medium with synthetic sea salt concentrations o f 10, 20, 30 and
40 g/1 at 2S °C for four weeks and sampled weekly. Cells in the 20 and 30 g/1 treatments
had higher growth rates than cells at 10 and 40 g/1. Higher proteolytic activity was
observed in the 30 and 40 g/1 samples compared to the 20 and 10 g/1 samples. When the
samples were analyzed using substrate impregnated SDS-PAGE, the 40 and 30 g/1
samples showed the most proteolysis, while the 10 g/1 samples did not exhibit any
detectable substrate hydrolysis until incubated for 24 h. ECP produced by the 10 g/1
samples exhibited a slightly different SDS-PAGE banding pattern compared to the other
samples. Three bands were present only in the 10 g/1 samples and three bands which were
apparent in the other samples which were not present in the low salinity sample.
The effects of parasite-produced ECP, including proteases on oyster defense
parameters were evaluated. In the hemocyte motility studies, ECP with high proteolytic
activities, as well as purified proteases significantly reduced both random and stimulated
migration of hemocytes. Incubation o f oyster plasma with ECP or purified protease
caused a decrease in both plasma Iysozyme activity and hemagglutination titers, although
there was some variation in the level o f response from different pools of plasma. These
data suggest that P. marinus ECP, as well as the proteolytic fraction of the ECP,
detrimentally effect oyster defense parameters in vitro.
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IN T R O D U C T IO N
For centuries, the eastern oyster Crassostrea virginica has been one o f the most
bountiful, productive and profitable organisms inhabiting the Chesapeake Bay. Today,
overfishing, habitat destruction, deterioration o f water quality and diseases have severely
decimated this ecologically important resource. Since 1950, two protozoal diseases,
Dermo, caused by Perkitisus maruius and MSX, caused by Haplosporidium nelsoni, have
been implicated in devastating mortalities of oysters throughout the east coast and the
Gulf o f Mexico (Andrews, 19S8, Ford and Haskin, 198S, Burreson and Ragone Calvo,
1996, Ford, 1996). Perkinsus marinus (Apicomplexa, Perkinsea, Perkinsidea) has spread
widely throughout the Chesapeake Bay. There are several reports on continuing
expansion of this parasite to areas traditionally free of the disease (Andrews, 19S8,
Burreson and Andrews, 1988, Burreson and Ragone Calvo, 1996, Ford, 1996).

Perkinsus maritius was first identified in 1948 in the Gulf of Mexico during an
investigation to determine the cause o f substantial mortalities in oyster populations
(Mackin et al., 1950).

In 1949, the parasite was reported in oysters of the Chesapeake

Bay, but widespread mortalities were not observed (Andrews and Hewatt, 1957).
Currently, P. marinus has been reported to infect oysters from as far south as Tabasco,
Mexico (Burreson et ah, 1994a), throughout the Gulf of Mexico (Soniat, 1996) and north
to the Damariscotta River, Maine (Ford, 1996). The rapid and wide spread of P. maritius
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has been attributed to the high communicability o f the parasite (Ray, 1954), the
unmonitored distribution o f infected seed oysters (Burreson and Ragone Calvo, 1996),
shucking house effluents (Ford, 1996) and the recent warming trends and droughts
(Andrews, 1988, Burreson and Andrews, 1988, Burreson and Ragone Calvo, 1996, Ford,
1996).
Since its first description, the taxonomic classification o f P. marinus has been
debated. Originally, the parasite was named Dermocystidium marinum because o f similar
morphological characteristics shared with Dermocystidium spp., a group of pathogenic
freshwater fungi (Mackin et al., 1950). Mackin and Ray (1966), however, renamed the
parasite Labryinthomyxa marina due to the presence o f gliding cells. Ultrastructural
studies by Perkins (1976a) revealed the presence of an apical complex in the zoospore
stage. The parasite was therefore placed in a new class, Perkinsidae, and renamed

Perkifisus marinus (Levine, 1978). Placement of this parasite into the phylum
Apicomplexa is controversial due to a number o f morphological differences with most
other apicomplexans (Perkins, 1976a, Vivier, 1982). Moreover, phylogenetic analyses
indicate that P. marinus has more characteristics in common with Mastigophora
(Dinoflagellates) than the apicomplexans (Goggin and Barker, 1993, Siddal et al., 1995,
Flores et al., 1996).
Despite the heavy losses o f C. virginica caused by P. marinus, its mechanisms of
pathogenicity have not been fully elucidated.

However, extensive tissue lysis, multiple

abscesses and a marked migration of hemocytes into sites of infection has been observed
in heavily infected oysters (Mackin, 1951). Based on these observations, Mackin (1951)
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suggested that the widespread lysis had resulted from a possible lytic factor associated
with the protozoal cells. In the same context, Ray (1954) found that heavily infected
oyster tissue degraded more rapidly than uninfected tissue, suggesting that P. marinus
may be producing a lytic enzyme. Histological examinations indicate that in the early
stages o f infection, oysters attempt to limit the spread o f P. marinus by hemocytic
encapsulation (Perkins 1976b). However, as the number of parasites increased, the
hemocyte capsule disappeared (Perkins, 1976b). Perkins also noted that destruction o f
oyster cells occurred in the immediate vicinity of P. marinus.

Perkinsus marinus zoospores are thought to establish infections by penetrating the
gills, labial palps or mantle epithelium and encysting between the cells (Perkins, 1988).
Simulated infections using parasite-sized polystyrene beads indicated that the hemocytes
o f the oyster phagocytized the beads and transported them throughout the gut, mantle
cavity and labial palps (Alvarez et al., 1992). Although the number of beads decreased
over time, many beads remained disseminated throughout the oyster tissue, indicating that
hemocytes may play a key role in the spread o f the parasite within the host (Alvarez et al.,
1992).

Environm ental factors and Perkinsus marinus
Since the parasite’s discovery, it has been apparent that P. marinus infections are
strongly influenced by two important environmental factors - temperature and salinity.
Temperature is believed to be the most important in controlling the prevalence and
intensity o f the disease (Ray, 1954, Andrews and Hewatt, 1957, Andrews, 1988, Crosby
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and Roberts, 1990, Burreson and Ragone Calvo, 1996).

Observations made in the past

four decades indicate that the parasite begins to actively multiply when water temperatures
reach 20 °C (Andrews, 1988, Burreson and Ragone Calvo, 1996). Mass oyster mortalities
attributed to the infection generally occur in the late summer and early fall (Andrews,
1988, Burreson and Ragone Calvo, 1996). Another observation indicating the importance
of temperature in P. marinus infections is that following a mild winter, very high parasite
prevalences (>90%) can occur (Burreson and Ragone Calvo, 1996). When the
temperature drops below 2 0 °C, deaths cease (except in heavily infected oysters)
(Andrews, 1988), although the parasite may still be present (Burreson and Ragone Calvo,
1996, Ragone Calvo and Burreson, 1994).
Laboratory experiments also support these field observations. For instance, in
oysters challenged with 106 trophozoites per oyster, Chu and La Peyre (1993) found that
by decreasing the temperature from 25°C to 10°C, the prevalence of the infection
decreased from 100% to 23% respectively. Ragone Calvo and Burreson (1994), reported
that infection intensities are regulated by temperature. The authors were able to increase
the prevalence of infections in oysters carrying overwintering parasites by elevating the
ambient temperature of the water to 25 °C for 30 days. Based on their findings Ragone
Calvo and Burreson (1994) estimated that overwintering infections may be carried by 70100% of the surviving oysters infected during the fall months.
Studies performed in vitro also indicated the effects temperature has upon P.

marinus. Lowering the temperature to <5 °C was shown to inhibit the ability of P.
marinus presporangia to sporulate (Chu and Greene, 1989). In vitro studies using P.
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marinus merozoites have provided further evidence that temperature influences the
growth and multiplication o f the parasite. In three studies, proliferation of the parasite
decreased as the temperature decreased (Dungan and Hamilton, 1995, Gauthier and
Vasta, 1995, La Peyre and Faisal, 1996). The optimal temperature for the growth of P.

marinus ranged between 28-35 °C, depending on the P. marinus isolate and culture
conditions.
Temperature also influences several physiological parameters o f oysters. For
instance, it can control the rate o f water transport through the gills, as well as feeding,
respiration, gonad maturation and spawning (GaltsofF, 1964). C. virginica ceases to feed
below temperatures of 6 °C and maximum ciliary activity essential for water transport,
occurs at 25-26 °C (GaltsofF, 1964). Hemocyte activities can also be affected by
temperatures. For instance, phagocytosis o f biotic and abiotic particles is greatly reduced
at low temperatures (<S °C) and enhanced at higher temperatures (37 °C) (Tripp, 1992,
Alvarez et al., 1989). C. virginica hemocytes exposed to Micrococcus various

{Staphylococcus lactus) at temperatures from 15°C to 30°C demonstrated increased
hemocyte motility towards the bacteria as the temperature increased (Cheng and Rudo,
1976). Similar results were obtained using Vibrio vulnificus and oyster hemocytes
(Harris-Young et al., 1993). Locomotion rates of oyster hemocytes increased at elevated
temperatures (Fisher, 1988). These studies indicate that temperature is crucial for a
number o f functions in oysters.
Salinity is also an important factor for the distribution of this parasite, especially in
localized areas. In the Chesapeake Bay, P. marinus historically proliferated only in higher
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salinity regions (15-30 ppt) (Andrews, 1988). However, during a drought period in the
mid-1980's, the salinities in many localities with traditionally low salinity increased, thus
allowing for the establishment o f the parasite into previously uninfected areas o f the
Chesapeake Bay and its tributaries (Andrews, 1988, Burreson and Ragone Calvo, 1996).
A similar trend may have occurred in the Delaware Bay in the early 1990's (Ford, 1996).
Generally, salinity is thought to be an important factor in the prevalence and
intensity o f the parasite (Ragone Calvo and Burreson, 1996, Andrews, 1988).

Ragone

and Burreson (1993) determined that 9-12 ppt may be a critical range for P. marinus.
Below 9 ppt, oyster mortality was relatively minimal and above 12 ppt, the mortality rates
increased. They also observed that despite the fact that the number o f P. marinus cells did
not decrease in low salinities (6-9 ppt), oyster mortality was reduced by 50% compared to
that o f higher salinities (12-20 ppt). Burreson et al. (1994b) suggested that although P.

marinus is sensitive to low salinities (< 6 ppt), the parasite could be protected in the oyster
tissues and thus, could survive for a period o f weeks or months in low salinity areas. In
another study, oysters grown in a low salinity (4-12 ppt) seed bed of the James River had
decreased prevalence of P. marinus infections compared to oysters collected from the
same bed and moved to an area with higher salinity (18.8-23 ppt) in the York River
(Ragone Calvo and Burreson, 1994). This finding supports the work of Ray (1954), who
determined that experimentally infected oysters at low salinities (10-13.5 ppt) exhibited
delayed morbidity and mortality compared to oysters infected at higher salinities (26-28
ppt). Chu et al. (1993) infected oysters with P. marinus trophozoites at 3 ppt, 10 ppt and
20 ppt. Although the oysters developed infections at all salinities, heavy infections were

8
not found in the low salinity group.
Studies of P. marinus in vitro also exemplify the effects o f salinity upon the
parasite. For instance, Chu and Greene (1989) determined that salinities <6 ppt inhibited
the development o f prezoosporangia. Studies with merozoite cultures o f P. marinus
indicate that although the parasite can tolerate a broad range o f salinities, the proliferation
o f P. marinus is highest in salinities o f 24-30 ppt (Dungan and Hamilton, 1995, Gauthier
and Vasta, 1995, La Peyre, 1996, La Peyre and Faisal, 1996 ).
The reason for the increased prevalence and intensity of P. marinus at high
salinities remains to be elucidated, however, certain salinities may impair vital
physiological functions of oysters thus rendering them more susceptible to infections.
Oysters are generally found in either polyhaline (18-30 ppt) or mesohaline (5-18 ppt)
environments (Galtsoff, 1964). At conditions not in this range, growth and gonad
formation is limited (Galtsoff, 1964). Hemocyte activities can also be altered by salinity
changes.

Acute salinity changes o f oysters adapted to either high or low salinities had an

effect on the function (locomotion and response time) of hemocytes (Fisher and Newell,
1986). For instance, salinity increases retarded hemocyte activity while decreases
enhanced the activity of non-acclimated oysters (Fisher and Newell, 1986). More
intriguing are the studies by Paynter et al. (1991, 1995, 1996), as they found that P.

marinus infections can have an effect on physiological processes in oysters. When oysters
were transferred from a low-salinity site to a high salinity site, free amino acid (FAA)
concentrations (e.g. glycine and taurine) in the gill increased (Paynter et al., 1995).
However, when these oysters were infected with P. marinus, the concentrations o f the
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FAA decreased significantly (Paynter et al., 1995). Paynter and Burreson (1991) observed
that oysters grew most rapidly at higher salinities until becoming infected with P. marinas,
after which, the growth rate declined severely. Salinity may also effect humoral defense
parameters o f oysters. For instance, Chu et al. (1993) found that plasma Iysozyme
concentrations in oysters maintained at 3 ppt were higher than those maintained at 10 and
20 ppt. These studies indicate salinity may negatively influence the defense parameters o f
C. virginica.
The combination o f low temperatures and low salinities appears to have more
effect on reducing the abundance o f this protozoan than either acting alone (Ragone Calvo
and Burreson, 1994, Burreson and Ragone Calvo, 1996 ). It is not known, however, if
higher temperatures (>20° C) and salinities (>12 ppt) favor P. marinus infections by
increasing the pathogenicity o f the organism directly or indirectly by modulating the host's
physiological processes, including defense mechanisms.

Environmental effects on the

production of virulence factors in P. marinus infections are also unknown.

Since these

factors are so important in the development o f this disease, it is necessary to address the
environmental influences on virulence factors which may control the prevalence and
intensity of P. marinus in oysters.

Production of Extracellular Proteins by Perkinsus marinus
Parasite extracellular proteins (ECP) are important in the pathogenesis o f several
protozoan infections since they can aid in the establishment of a parasite within the host
(McKerrow, 1989). In this role, ECP can function as adhesion as well as cytotoxic and
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lytic factors, which may either be membrane bound or secreted into the extracellular
environment (Hewlett, 1990, Reiman and Falkow, 1990). In 1993, La Peyre et al.
developed a suitable medium for the growth o f P. marinus , and generated a continuous
cloned culture from the heart tissues o f infected oysters. This medium, JL-ODRP-1, was
further modified by removing bovine serum albumin (BSA) which facilitated the
electrophoretic analysis o f parasite-associated proteins (La Peyre et al, 1995c, La Peyre
and Faisal, 1996).
Investigations by La Peyre and Faisal (1995) identified the lytic ability o f P.

marinus products in vitro. Further investigations determined that in culture, P. marinus
secreted a variety of extracellular products (La Peyre et al., 1995c). When cell-free
culture supernatants were analyzed for proteolytic activity using substrate gel
electrophoresis, it was determined that the samples could degrade a variety o f proteins,
including casein, gelatin, laminin, fibronectin and oyster plasma (La Peyre et al.,1995c).
The proteases showed some substrate specificity, migrating as six proteolytic bands within
the apparent molecular weight o f 35-55 kDa on gelatin and casein gels (La Peyre et al.,
1995c). The substrate gels indicated that only three bands of protein were able to
hydrolyze laminin, two bands o f protein could digest fibronectin and one band was capable
o f lysing oyster hemolymph. The proteases produced by P. marinus are of the
chymotrypsin-like family in the serine protease class (La Peyre et al.,1995c). This
protease(s) has been purified using bacitracin affinity chromatography (Faisal et al.,
1995b).
Other pathogenic protozoa are also known to produce proteases (North, 1982,
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McKerrow, 1989, Thomford et al., 1996). These proteolytic enzymes were found to
contribute to a variety o f functions, thus aiding in the pathogenesis o f protozoan parasites:
penetrating the host, counteracting host defense mechanisms, and providing nutrition for
the pathogen during the infection (North, 1982). Proteases o f several pathogenic
protozoa are considered potential virulence factors since they enable a parasite to
circumvent host resistance mechanisms, favor establishment of infection, or increase the
spread o f infection (Joklik et al., 1992). For instance, the Apicomplexan Toxoplasma

gondii expresses proteolytic surface molecules that are involved in host cell adhesion and
subsequent invasion (Grimwood and Smith, 1996). Similarly, trichomonads also produce
cysteine proteases which are released extracellularly and thought to aid in adhesion
(Talbot et al., 1991, Thomford et al., 1996). Proteases also cause tissue and cell lysis.
For instance, Entamoeba histolytica produces cysteine and thiol proteases which in vitro
destroy cell monolayers and are found in high levels in patients infected with the parasite
(Reed et al., 19S9, North, 1991). Interestingly, non-protease producing mutants of a
pathogenic strain o f E. histolytica were unable to induce cytopathic effect in target cells
(Keene et al., 1989). Moreover, cysteine and serine proteases of Plasmodium spp. lyse
red blood cells and degrade the proteins o f erythrocytes, helping complete the life cycle of
the protozoan by allowing the parasite to spread throughout the host (Rosenthal, 1991,
Schrevel et al., 1991).
The role P. marinus protease may play in pathogenesis is currently under
investigation (La Peyre et al., 1996). There is, however, mounting evidence that it may be
used by the parasite for a variety of purposes, such as invasion (La Peyre et al., 1995c, La
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Peyre et al., 1996). Perkinsus marinus proteases produced a single clearly defined band o f
proteolysis in oyster plasma, which was surprising since oyster plasma contains multiple
simple and complex proteins (La Peyre et al., 1995c). The protease was also capable o f
digesting laminin and fibronectin, two matrix proteins in C. virginica (La Peyre et al.,
1995c). Recent data provide evidence that P. marinus proteases are important for the
propagation o f the parasite in oysters. For example, in oysters experimentally infected
with P. marinus and then fed liposomes containing ECP, there was a higher prevalence of
parasites than in control oysters (La Peyre et al., 1996).

Host Defense M echanisms
Like other aquatic organisms, molluscs possess effective host defense strategies to
survive. Bivalve molluscs (including oysters) do not have acquired or specific immunity
(Anderson, 1996), however, hemocytes perform a number o f immune related tasks
including phagocytosis, encapsulation, tissue and cell repair and cytotoxicity (Cheng,
1975, Feng, 1988, Yang and Yoshino, 1990). There are two classes o f hemocytes:
hyalinocytes and granulocytes (Feng, 1988). Granulocytes appear to be the most
important cells in phagocytosis (Cadenas, 1989). In contrast, hyalinocytes contain few or
no granules and their exact function is unknown (AufFret, 1988).

Molluscs are generally

capable of destroying most potential parasites immediately or soon after they infiltrate
using a variety of means, including phagocytosis and encapsulation (Bayne, 1990, Feng,
1988).
Phagocytosis appears to be the major defense mechanism that C. virginica
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possesses to combat foreign organisms (Anderson, 1996). The processes involved in
phagocytosis follow a sequence o f events: 1) recognition as non-self particle, 2)
adherence to the microorganism, 3) internalization within phagolysosome, 4) lysis, and 5)
disposal (Feng, 1988). In order to make this system more efficient, granulocytes manifest
chemotactic (directional migration towards a concentration gradient) or chemokinetic
(increased random motility) abilities which are activated when challenged with biological
agents (Fawcett and Tripp, 1994, Feng, 1988).
Molluscan hemocytes exhibit directed motility both in vivo and in vitro when
injured or challenged in vitro with a variety of organisms.

For instance, when the Pacific

oyster C. gigcis is wounded, there is movement o f the hemocytes into the injured area
(Pauley and Sparks, 1965, DesVoigne and Sparks, 1968). Hemocytes in the quahog clam

Mercenaria mercenaria challenged with Escherichia coli, exhibited chemotaxis when
exposed to live, but not dead E. coli, suggesting that the granulocytes migrated in
response to secreted bacterial products (Fawcett and Tripp, 1994). Using live E. coli as
well as cell free media in which the bacteria were grown, agar cores were injected into
oysters, and the overall hemocyte concentrations increased (Alvarez et al., 1995). Similar
observations of increased concentrations of hemocytes in P. marinus infections have been
reported by Anderson et al. (1992).

SchneeweiB and Renwrantz (1993) demonstrated

that cell wall lipopolysaccharides (LPS) of Gram-negative bacteria and formylated
oligopeptides present in supernatants o f bacterial cultures caused chemotaxis and
chemokinesis, respectively, of Mytilus edulis hemocytes. Despite the efficiency of
hemocyte movement toward many species of bacteria, certain protozoa are able to inhibit
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further responses by the cells. For instance, Ford et al. (1993) documented the initial
movement o f C. virginica towards the parasite H. nelsoni and the subsequent repulsion o f
the cells after contact with the parasite.
Several factors have been found to influence the process of hemocyte-mediated
defense functions, including environmental factors, infections, and the size o f the stimuli.
The phagocytosis of biotic and abiotic particles can be affected by temperature. For
example, low temperatures (<8 °C) greatly reduced and higher temperatures (37 °C)
increased phagocytosis (Tripp, 1992, Alvarez et al., 1989). Similarly, Cheng and Rudo
(1976) found that C. virginica hemocytes exposed to Micrococcus various

{Staphylococcus lactus) at various temperatures (from 15°C to 30°C) demonstrated
increased hemocyte motility towards the bacteria as the temperature increased.
Analogous results were observed using V. vulnificus and oyster hemocytes (Harris-Young
et al., 1993). Low salinity also reduced the binding of latex beads (Fisher and Tamplin,
1988). Phagocytosis can be negatively affected by infections.

For instance, the

phagocytic activity index o f snails (Biomphalaria glabratd) infected with the trematode

Echinostoma paraensei was reduced compared to uninfected control snails (Noda and
Loker, 1989). The size of the stimuli can also be important in determining what type of
response, if any, will be elicited by molluscs. In studies using hemocytes from C.

virginica , Howland and Cheng (1982) determined that the cells are attracted to low
molecular weight molecules (~10 kDa), while Alvarez et al. (1995) found that a
chemokinetic responses can be induced with molecules as low as 1 kDa. When particles
were too large to be digested by a single hemocyte, an aggregate of hemocytes may
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encapsulate the particle (Tripp, 1960).
Several humoral factors have been identified in molluscan plasma (cell-free
hemolymph) that are believed to play a defensive role in the eastern oyster including
lysosomal enzymes such as lysozyme ( Rodrick and Cheng, 1974, Chu, 1988), pglucuronidase (Cheng and Rodrick, 1975, Cheng, 1976), and lectins (Vasta et al., 1982).
Lysozymes are present in the plasma o f a number of molluscs including B. glcibrcita
(Rodrick and Cheng, 1974), M. mercenaria and C. virginica (Cheng and Rodrick, 1974).
In all o f these species, lysozymes were able to lyse or partially degrade cell walls o f
invading organisms (Cheng, 1978, 19S3, Chu, 1988), liberating N-acetylamine sugars
(Salton, 1957, Jolles, 1964, 1969). Based on their microbicidal characteristic, lysozymes
are believed to be involved in host defense o f bivalves (McHenry' and Birbeck, 19S2, Chu,
1988).
Lectins are also thought to be potential humoral defense factors in oysters and are
present in the plasma (Hardy et al., 1977, Vasta et al, 1982, Vasta, 1986 , Olafsen, 19S8).
Lectins bind with different degrees o f affinity and specificity to cells or glycoconjugates,
causing their respective agglutination or precipitation (Goldstein et al. 1980). Lectins
have been purified in a number o f molluscan species, including Mytilus edulis (Renwrantz
and Stahmer, 1983), B. alcxandrina (Mansour, 1995), C. gfgcis (Olafsen, 1988), C.

virginicci (Vasta, 19S6) and B. glcibrcita (Couch et al., 1990, Lodes and Yoshino, 1993)
and were found to be nonenzymatic proteins.
Despite the paucity of information regarding oyster immune defenses, there are a
few molluscan models in which the parasite-host relationship has been more thoroughly
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investigated. For example, the relationship between Schistosoma mansoni and its
intermediate host, the gastropod B. glabrata has been elucidated. Both S. mansoniresistant and susceptible strains o f snails have been developed to facilitate the study o f the
snail-parasite interaction. When the snail becomes infected with the parasite, disease
resistance was found to be inhibited by some parasitic proteins (Lodes and Yoshino,
1990, Lodes et al., 1991). More specifically, the parasite was found to secrete several
proteins in vitro. These parasitic excretory-secretory (ES) products suppressed
polypeptide synthesis and secretion in hemocytes o f susceptible but not resistant strains o f

B. glabrata (Lodes et al., 1991). Similarly, many of the defense mechanisms used by the
snail were inhibited when infected with S. mansoni , including hemocyte phagocytosis
(Fryer and Bayne, 1990). In their study, susceptible snails infected with the parasite had
decreased phagocytic activity while resistant snails had increased levels o f phagocytosis.
Hemocyte motility was also affected in susceptible strains (Lodes and Yoshino, 1990).
Among the S. mansoni ES products, fractions >30 kDa were responsible for reducing
hemocyte migration in susceptible snail strains, while increasing the motility in resistant
snails. The parasite also suppressed superoxide production in hemocytes of B. glabrata
(Connors and Yoshino, 1990).

Similar effects have been observed when studying the

humoral defenses of B. glabrata. For instance, lysosomal enzymes in resistant snails
infected with A mansoni were elevated quickly after challenge, while in the susceptible
snail line, there was little change, suggesting that an enzymatic response was essential in
the eradication of the parasite (Granath and Yoshino, 1983). Lectin response also differed
between the strains. In snails resistant to S. mansoni, a polypeptide has been identified that
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could bind to the parasite, however, susceptible strains did not possess this molecule
(Bayne et al., 1986).
In the case o f P . maritms and C. virginica , the general aspects o f the host-parasite
interaction are unknown. P. marinus seems to be resistant to hemocyte degradation to the
extent that hemocytes are believed to be responsible for the dissemination o f P. marinus in
oyster tissue (Perkins, 1976a). The parasite has been observed dividing within hemocyte
phagolysosomes (La Peyre, 1993). The process by which P. marinus is able to counteract
hemocyte-mediated lysis is currently unknown. P. marinus does appear to interfere with
superoxide production in hemocytes. For instance, in vitro, the parasite suppressed
reactive oxygen intermediates generated by oyster hemocytes (Volety and Chu, 1995).
However, in an in vivo study, chemiluminescent responses were increased in zymosan
stimulated hemocytes o f P. marinus infected oysters (Anderson et al., 1995). Several
hemolymph factors are negatively affected in P. marinus-mfecXzd oysters, however, it is
unknown if these factors are altered by parasitic or environmental effects. For example, in

C. virginica , Iysozyme levels appear to be associated with temperature and salinity
(Rodrick and Cheng, 1974, Chu and La Peyre, 1993, Chu et al., 1993). The levels o f
Iysozyme activity are decreased at higher salinities and temperatures, which are the same
conditions at which P. marinus proliferates the most. This observation has led Chu and La
Peyre (1993) to suggest that Iysozyme may play a role in host defense during the
infections. Hemagglutination activities o f C. virginica also appeared to decrease
following challenge with P. marinus as reported by La Peyre et al. (1995a).
Despite the wealth o f knowledge, the exact mechanisms used by the parasite to

18
evade killing by C. virginica remain unknown. In particular, it is possible that the
protease(s) produced by P. marinus interfere with the ability o f the hemocytes and
humoral defense parameters to effectively degrade the parasite. Using cultures o f P.

marinus, it is possible to isolate extracellular proteases from the parasite, thus allowing for
a more thorough analysis o f the potential pathogenesis o f these extracellular substances
upon uninfected oysters.
The following three objectives were addressed in this study:
•

The effects o f temperature on the production o f P . marinus extracellular proteins

in vitro
•

The effects o f salinity on the production o f P . marinus extracellular proteins in

vitro
•

The effects o f P . marinus ECP, as well as purified protease(s) from the ECP, on
both cellular and humoral defense parameters of C. virginica

Chapter I.

The Effects of Temperature on the Production and Expression of Pcrkinsus marinus
Extracellular Proteins
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IN T R O D U C T IO N
The outcome of infectious diseases in aquatic animals is often controlled by water
temperature (Overstreet, 1993). This fact is particularly evident in the case o f Perkinsiis

martinis (Apicomplexa) infections o f the eastern oyster Crassostrea virginica (Ray, 1954,
Andrews, 1988, Burreson and Ragone Calvo, 1996). The seasonal decreases in parasite
prevalence and intensity that parallel temperatures decline have been consistently reported
(Ray, 1954, Andrews, 1988, Ragone Calvo and Burreson, 1994) to the extent that
temperature is believed to be the most important factor regulating the spread of P.

marinus (Burreson and Ragone Calvo, 1996). Similarly, Crosby and Roberts (1990)
observed the existence o f a positive correlation between water temperature and P.

marinus infections in oyster populations o f South Carolina. A similar relationship has
been observed in laboratory experiments. For example, Fisher et al. (1992) reported that
mortality rates decreased in infected Gulf Coast oysters as the water temperature declined.
In another laboratory study, Ragone Calvo and Burreson (1994) found that elevating the
temperature to >20 °C exacerbated P. marinus infection in C. virginica collected from
low temperatures.
Temperature also controls the growth of P. marinus in v/7/'o(La Peyre, 1996). For
instance, the growth rates of a variety o f P. marinus isolates were temperature dependent,
having a growth optimum at 28 °C (Dungan and Hamilton, 1995, Gauthier and Vasta,
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1995, La Peyre and Faisal, 1996). At temperatures outside the optimal range o f growth
for P. marinus in vitro, La Peyre and Faisal (1996) reported morphological differences in
the parasites compared to those grown at 28 °C. Using cultured P. marinus cells in vitro ,
Burreson et al. (1994b) observed a general trend of higher mortalities of the cells at lower
temperatures and salinities.
Secreted proteases which act as virulence factors are common in many protozoan
infections (North et al., 1990, Rosenthal, 1991, McKerrow et al., 1993). Although the
effects o f temperature on oyster mortality are well documented, little is known about the
virulence mechanisms of P. marinus since it was not possible to study the organism for an
extended period o f time outside of oyster tissue. However, using cell cultures developed
by La Peyre et al. (1993), it was possible to initiate studies in the biochemistry and
physiology of this parasite. For instance, P. marinus secretes a variety o f extracellular
proteolytic products that can degrade various proteins in vitro (La Peyre et al., 1995c, La
Peyre and Faisal, 1995). Perkinsus marinus extracellular proteins were able to hydrolyze
oyster plasma, extracellular matrix proteins (e.g. fibronectin and laminin), and gelatin (La
Peyre et al., 1995c).

There has been a limited amount of research to date on the

potential role of P. marinus extracellular products (ECP) in its pathogenicity. Recently,
La Peyre et al. (1996) provided evidence that ECP may favor the propagation of the
protozoan in infected oyster tissue. The authors found a seven-fold increase in the
parasite body burden in oysters administered liposomes containing P . marinus
extracellular products and then challenged with P. marinus cells as compared to oysters
which received liposomes containing fresh culture medium.
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The mechanisms by which temperature modulates the virulence o f microorganisms
has not been elucidated, however there have been reports o f the effects o f temperature on
protease production or expression. For example, environmental strains o f Aeromonas

hydrophila expressed proteolytic activity when incubated at 28 °C, but not at 37 °C. On
the other hand, in strains from humans, temperature affected the electrophoretic pattern o f

A. hydrophila ECP as indicated by the appearance and disappearance o f certain bands in
SDS-PAGE/sodium caseinate gels (Mateos et al., 1993). In parasites o f homeotherms,
temperature was found to differentially affect the expression o f proteins from Leishmania
spp. incubated at various different temperatures (Leon et al., 1995). Similarly, the
secretion o f Trichomonas vaginalis cysteine protease PRFase increased as the
temperature o f incubation increased 14 °C to 37 °C (Scott et al., 1995).
Despite the wealth o f knowledge correlating the prevalence o f P. marinus with
higher temperatures, the precise mechanism by which temperature influences the course o f
the disease remains to be elucidated. A number o f explanations have been suggested,
including that high temperatures favor P. marinus infections by increasing its growth rate
(Burreson and Ragone Calvo, 1996).

This hypothesis is supported by much of the field

data (Andrews, 1988, Ragone Calvo and Burreson, 1994). Another suggestion is that
oyster defense systems are compromised at high temperatures.

Chu and La Peyre (1993)

found that the ability of oyster hemocytes to defend against P. marinus may be
compromised at higher temperatures. It is also possible that higher temperature favors the
production of virulence factors in the parasite.
Currently, there are several gaps in our knowledge regarding the nature o f P.
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marinus extracellular proteins and the effect o f environmental variables on its
production/expression. Since temperature plays a crucial role in the pathogenesis o f this
disease, the primary objective o f this study wad to determine if temperature has an effect
on protease production by P. marinus in vitro.

METHODS

Culture of Perkinsus marinus
Cultures used for the experiments were derived from the Perkinsus marinus
isolate Perkinsus- 1 (La Peyre et al., 1993). P. marinus was cultured using the procedure
and media described by La Peyre and Faisal (1996). Briefly, culture flasks (150 cm2) were
seeded with 5 x l0 9 P. marinus cells in 500 ml o f JL-ODRP-1 medium without bovine
seaim albumin (BSA) in order to facilitate the detection o f proteins produced by the
protozoal cells. The cultures were incubated at 27 °C.

Cell Cultu res
Cultures o f P. marinus were established in BSA-free JL-ODRP-1 medium. Since
it was not possible to acquire a variety of 5% C 0 2 incubators capable of maintaining the
temperatures required for this study, the buffer system of the BSA-free JL-ODRP-1
medium was modified to accommodate a decreased level of C 0 2. This was achieved by
decreasing the concentrations of N aH C 0 3 (Mallinckrodt Specialty Chemical Co., Paris,
KY) from 2.0 g/1 to 0.3343 g/1, KC1 (Sigma Chemical Co., St. Louis, MO) from 0.1772
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g/1 to 0.0296 g/1, and 1 M Hepes buffer (Gibco BRL, Life Technology Inc., Grand Island,
NY) from 25.0 ml/1 (v/v) to 10 ml/1 (v/v). The flasks were incubated at 17 °C, 23 °C and
28 °C (3 flasks / treatment group). All o f the flasks were seeded at 2.5x l07 cells/flask
suspended in 25 ml o f medium using cells that had first been acclimated to a designated
temperature. Conditioned medium (CM) was collected weekly (1.5 ml) from each flask
for 4 weeks. Cells density was determined using a Bright-Line hemacytometer (Reichert,
Buffalo, NY). Cell viability was assessed in each sample using neutral red stain (Sigma
Chemical Co.) which stains only live cells. Cell suspension (50 pi / sample) was mixed
with 100 pi neutral red and 1ml o f uninocculated medium in wells of a 24 well tissue
culture plate. The percentage o f viable cells was determined in stained preparations using
an inverted Olympus CK2 microscope (Olympus Corp.; Lake Success, NY) at 40X with a
grid eyepiece (10x10 boxes) (CWHK 10xl8L lens, Olympus Corp.). The cell free CM
was obtained by centrifugation at 800 g for 15 min, the supernatant collected, and kept
frozen at -20° C until assayed.

Protease Activity - Spectrophotometric Assay
Protease activities in CM samples were determined spectrophotometrically in
triplicates using azocasein as a substrate as recommended by Sarath et al. (1989).
Azocasein (2 % w/v) (Sigma Chemical Co.) was dissolved in 50 mM Tris buffer (pH 8.0)
and clarified by centrifugation at 14000 g for 10 min. The supernatant was discarded and
the azocasein pellet was resuspended in Tris buffer. Samples (75 pi) were incubated with
100 pi o f substrate solution and 25 pi of Tris buffer for 18 h at 27° C. Samples were then
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treated with 600 pi o f cold trichloroacetic acid (10% w/v, Sigma Chemical Co.), kept at 4
°C for 20 min, centrifuged at 8000 g (5 min), and 0.6 ml o f the supernatants collected.
The samples were then treated with 1.0 M NaOH (0.7 ml-Sigma Chemical Co.) and read
at A440 on a Gilford RESPONSE™ (Ciba Corning Diagnostics, Oberlin OH) or a
Shimadzu UV-1201 (Shimadzu Corp., Kyoto Japan) spectrophotometer. One unit o f
protease activity was defined as the amount o f enzyme required to produce an absorbance
o f 1.0 in a 1 cm cuvette under the assay conditions.

S u bstrate Gel Electrophoresis
Substrate gel electrophoresis o f P. marinus CM samples was performed using an
8% resolving gel infused with gelatin 0.2% (g protein/100 ml) as described by La Peyre et
al. (1995c).

Unboiled CM samples were mixed with equal volumes of sample buffer [(0.6

M Tris-HCl pH 6.8, 15% (v/v) glycerol, 0.003% (w/v) bromophenol blue, 5% (w/v)
sodium dodecylsulfate (SDS)]. The samples were not boiled prior to application to the
gels since this technique depended upon the regeneration of proteolytic activities following
electrophoresis. The electrophoresis was conducted on a Bio-Rad /Mini-Protean II
apparatus at 30 mA constant current for 1 h at 4° C using a Tris-glycine running buffer
[25 mM Tris-HCl (pH 8.3), 192 mM glycine, 0.1% (w/v) SDS]. After electrophoresis,
gels were incubated in 2.5% (v/v) Triton X-100 (30 min, 4°C), then incubated in 0.1 M
Tris-HCl, pH 8.0 (2 h, 37°C). Gels were then stained with Coomassie Blue Stain [0.1%
(w/v) Coomassie Blue (Sigma Chemical Co.) in 40% (v/v) methanol, 10% (v/v) acetic
acid].

Clear bands of proteolysis became apparent after the gels were destained with a
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solution of 40% (v/v) methanol and 10% (v/v) acetic acid.

The molecular weights were

estimated by comparison with protein standards (Bio-Rad, Hercules, CA).

Bicinchoninic (BCA) Protein Assay
Protein concentrations were measured using a BCA protein assay reagent kit
according to the manufacturer's protocol (Pierce Chemical Co., Rockford, IL). As blanks
for the assay, CM samples were concentrated using 10 kDa cutoff microconcentrators
(Amicon Inc, Beverly MA) and the filtrates used. Non-inoculated medium could not be
used as a blank due to its relatively high amino acid content, which made the assay
readings high. These levels greatly decreased as the amino acids were used by P. marinus.
Hence, in order to more accurately determine the levels of proteins produced, the <10 kDa
filtrate was used as a blank.

Ten microliters o f standard (0-1.0 mg/ml BSA in 25 mM

hepes buffer), sample or blank was added to a 96-well microtiter plate. Next, 200 pi of
working reagent (50 part reagent A, 1 part reagent B) was added to the samples.
Following heating at 60 °C for 30 min, samples were read at A572 with a Dynatech
MR5000 microtiter plate reader (Chantilly, VA).

Sodium Dodecylsulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)
Samples for electrophoresis were mixed in a ratio of 3:2 with SDS-PAGE sample
buffer that contained 60 mM Tris-HCl, 2% (w/v) SDS, 10% (v/v) glycerol and 0.003%
bromophenol blue, pH 6.S, following the procedures of Laemmli (1970) , as modified by
La Peyre et al. (1995c). The mixtures were heated for 5 min at 95° C and electrophoresis
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was performed on a Bio-Rad Mini-Protean II apparatus (30 mA constant current; 1 h)
using a Tris-glycine running buffer [25 mM Tris-HCl pH 8.3, 192 mM glycine, 0.1%
(w/v) SDS]. The protein bands were visualized using the silver staining procedure
described by the manufacturer’s protocols (Sigma Diagnostics Technical Bulletin No.
3040, Sigma Chemical Co.). The molecular weights of the proteins were estimated by
comparison with protein standards (Bio-Rad).
The protein bands were then analyzed with a densitometer (Integrated Separation
Systems, Natick, MA) to determine the relative ratios of protein species. All
densitometric scans were normalized to 100% since the amount o f protein loaded in each
well of the gel was not adjusted to equal protein concentrations. The 28 °C samples run
on the gels had 0.92+0.30 pg of protein, the 23 °C samples had 0.83+0.39 pg o f protein
and the 17 °C samples had 2.6+0.30 pg o f protein.

Statistical Analysis
Statistical analysis was performed using Sigma Stat™ software (Jandel Scientific;
San Rafael, CA). Means and standard deviations were calculated. Differences between
treatment groups in the cell density and protease activity studies were analyzed using one
way analysis of variances (ANOVA). If the equal variance test failed, the Kruskal -Wallis
one way ANOVA was performed. When P <0.05, a Student-Neuman-Keuls (SNK) all
pairwise multiple comparison test was used to determine the significance of difference
between individual samples.

RESU LTS

Growth of P. marinus in vitro
The density o f P. marinus cells increased greatly over the four week sampling
period (Fig. 1). The initial seeding density was lxlO6 cells/ml. Within the first week, the
density had increased 20-fold and 13-fold, respectively in the 28 °C and 23 °C flasks. The
17 °C cells did not exhibit the exponential growth observed in the other temperature
treatments.

From weeks one to four, there was a relatively slower growth period at all

three temperatures, with the 28 °C cells growing the most and the 17 °C samples having
the least amount o f growth.
As early as one week post-incubation, there was a significant difference between
groups of treatments (P<0.0001)

The cell density of the 28 °C samples was significantly

higher (P<0.05) than the densities obtained at both the 23 °C and 17 °C incubations.
Tw'o weeks post incubation, there was a significant difference between the samples
(.P<0.0036). Again, the density o f the 28 °C samples was higher than the other samples
(.P<0.05). Three weeks postincubation, there was a significant difference between the
samples (P<0.05). The 2S °C and the 23 °C samples were not statistically different from
each other, however, they were higher than the 17 °C samples (P<0.05). In the four week
samples, the difference between the groups was significant (P<0.001) as well as the
differences between the samples (P<0.05).

Overall, the cell density o f the 28 °C

treatment increased 35-fold, the 23 °C treatment increased 26-fold and the density o f the
cells incubated at 17 °C increased 11-fold from the original seeding density.
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Figure 1. Effects o f temperature on growth o f Perkinsus marinus in vitro. Flasks were
seeded with lxlO6 cells/ml. Three flasks were sampled for each temperature treatment
(N=9). The data are expressed as mean ± standard deviation.
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Proteolytic Activity of Treatment Groups
The proteolytic activity o f the conditioned medium (CM) collected weekly from
each flask in the temperature study generally increased throughout the study (Fig. 2). The
28 °C and 23 °C samples had very similar proteolytic activities, while the 17 °C samples
had much lower activity the first two weeks and then greatly increased in activity the last
two weeks of the study.

At week one, there was a significant difference between the

groups (P<0.001). The 28 and 23 °C samples were not different from each other, but the
activities o f both were higher than in the 17 °C samples (P<0.05). Between weeks two
and three, the activity in the 17 °C sample increased 2.5 times. At week two, there was a
difference between the samples (P<0.001) and the proteolytic activities of the 28 and 23
°C samples were higher than in the 17 °C samples (P<0.05). There were no differences
between the samples at week three, however at week four, there was a significant
difference between the samples (F<0.04)

Overall, the proteolytic activity increased from

0 U/ml to 0.98+0.1 U/ml in the 17 °C samples, to 1.02+0.3 U/ml in the 23 °C samples and
to 1.3+0.3 U/ml in the 28 °C samples.
When the proteolytic activity produced per cell was calculated, it was determined
that the 17 °C cells possessed the highest rate o f protease production (Fig. 3). The high
level o f the first week samples dropped at week two and then slightly increased for the
remainder of the experiment. The 23 °C and 28 °C samples had increased proteolytic
activity per cell the first week (5.8xl0‘8+ 0 .3 xl0‘8; 3.84xl0'8+1.09xl0'8 U/cell) then
gradually declined for the rest of the study.

The 23 °C samples had a slightly higher level

o f activity per cell than the 28 °C samples throughout the study.
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Figure 2. Effects o f temperature on proteolytic activity (A440) o f Perkinsus marinus
conditioned media using azocasein as a substrate. Three flasks were sampled for each
temperature treatment and then three replicates per sample were measureed (N=27). The
data are expressed as mean ± standard deviation.
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Figure 3. Effects o f temperature on per cell proteolytic activity o f Perkinsus marinus.
The per cell proteolytic activity was calculated by dividing the proteolytic activity by the
cell density. Three flasks were sampled for each temperature treatment (N=9). The data
are expressed as mean ± standard deviation.
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When the week one samples were analyzed, there were significant differences
between the groups (P<0.0036) and the per cell proteolytic activity in each treatment was
significantly different from each other (P<0.05). The decrease in value o f the 17°C
samples at week two resulted in a lack of significant difference between the samples. In
the subsequent week three and week four samples, the 17 °C treatment was associated
with a significant difference in the per cell activity (P<0.001 for week 3, P<0.002 for
week 4) compared to either o f the other samples.
When the CM samples were applied to gelatin impregnated substrate gels and
allowed to digest the substrate, the 28 °C samples demonstrated greater proteolysis (Fig.
4, Table 1). From week two, there were six bands apparent in the gel. The bands were
not evident in the 23 °C samples until week 3. The proteases possessed molecular
weights between 38-55 kDa. The 17 °C samples did not degrade the gelatin substrate at
any week. In order to exclude the possibility of the presence o f faint proteolytic bands
that could not be visualized following two hours of incubation, additional gels were
incubated for 24 h. Despite the prolonged incubation, no proteolytic bands were apparent
at 17 °C. Likewise, no additional proteolytic bands were detected in the 23 or 28 CC
samples.

Detection of ECP by SDS-PAGE
Analysis o f the conditioned media collected from week four o f each flask by SDSPAGE and silver staining revealed the presence of 17 bands in each treatment ranging in
molecular weight from 27 to 96 kDa (Fig. 5). The 28 °C and 23 °C samples exhibited
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Figure 4. Substrate gel analysis o f proteolytic activity produced by Perkinsus marinus in
vitro over a four week period. Conditioned media samples from 28 °C (A), 23 °C (B) and
17 °C (C) cultures were incubated for 1 (I), 2 (II), 3 (III) and 4 (IV) weeks and
electrophoresed in SDS-PAGE gels impregnated with gelatin. Gels were incubated for 2 h
at 37 °C.
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Table 1. Number o f proteolytic bands produced in gelatin impregnated SDS-PAGE by
Perkinsus marinus conditioned media.
Weeks P. marinus grown in
culutre

2

o
J

4

Number o f Proteolytic bands

Temperature of incubation
(°C)

6*

28

0

23

0

17

6

28

6

23

0

17

6

28

6

23

0

17

Proteases present were in the approximate range o f 38-55 kDa. Gels were incubated for
2 h at 37 °C ( N -3).
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Figure 5.

SDS-PAGE analysis o f extracellular proteins produced by Perkinsns marimis

in vitro after four weeks o f incubation.

Conditoned medium samples were from cultures

incubated at 17 °C (A), 23 °C (B) and 28 ° (C).
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identical locations o f bands, but there were differences in the proportions of proteins
present at certain bands (Table 2). For example, in the 28 °C samples, the 80 kDa band
contained substantially more protein (5.71+0.03%), as indicated by the percent area o f
each peak, than the 23 °C sample (2.87+0.64%). The 53 kDa band in the 28 °C samples
also contained more protein (8.45+5.58%) than the 23 °C samples (6.07+0.91%).
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kDa band in all samples contained a relatively high amount o f protein.
The 17 °C samples also contained 17 bands, but there were a few differences in the
molecular weights o f some o f these bands, as well as in the relative protein content o f
these bands (Table 2) compared to the 23 and 28 °C samples. One of the most striking
differences was in the area o f the higher molecular weight bands. The 92 kDa band
contained substantially more protein in the 17 °C samples (12.60+0.75%) than in either of
the other samples (4.40+0.14% and 5.87+1.20% in 28 °C and 23 °C samples). There
were bands present at 84, 64, 56, and 54 kDa at 17 °C which were not present in the other
samples. However, the 80, 53 and 29 kDa bands present in the 28 and 23 °C samples
were not apparent in the lower temperature samples. The 67 kDa band, which contained a
large amount of protein in the other samples (14.50+0.76% and 12.27+3.02%; 28 and 23
°C), was not present in 17 °C sample.

DISCUSSION
The results o f this study demonstrate that the expression of extracellular proteins
produced in vitro by P. marinus are differentially affected by temperature. The CM from
all three treatment groups expressed proteolytic activity, as ascertained by azocasein
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Table 2. Densitometric analysis of molecular weights and relative protein values o f Perkinsus marinus
extracellular proteins following four weeks o f incubation at 28, 23 or 17 °C.

-'j
o
O

Percent of
protein
in band” *
Molecular weight (kDa)"

28 °C

23 °C

96

4.24

3.65

2.83

92

4.40

5.87

12.6

89

4.11

5.81

5.30

86

4.80

6.52

4.00

84

5.60

80

5.71

2.87

67

14.75

12.27

64

3.40

62

2.26

2.11

2.50

60

2.72

4.35

4.30

56

3.90

54

3.28

53

8.45

6.07

50

5.40

6.06

3.30

47

5.70

6.37

3.80

44

13.16

13.04

17.2

41

7.68

8.07

9.40

35

5.67

6.25

7.50

31

1.75

2.69

5.30

29

2.69

2.91

27

6.75

5.11

2.93

Shaded areas indicate no bands w'ere present
Molecular weight determinations were estimated from marker proteins ranging in molecular weight
from 3 1 to 200 kDa.
The percent of protein in each band was calculated from jig protein per band / jig protein loaded in
well x 100.
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hydrolysis. The cells grown at 28 °C propagated the most over the sampling period. This
group of P. marinus cultures also produced proteases with the highest amount o f activity,
as indicated by azocasein hydrolysis and in the hydrolysis of gelatin in impregnated SDSPAGE gels. Although proteolytic activity by spectrophotometric determination was
almost identical in the 28 and 23 °C cultures, the bands produced on the gelatin gels were
o f markedly different intensity until week 3 of the experiment. Since the positions o f these
bands were identical at both temperatures, it appears that there was some effect o f
temperature on the expression o f the proteases.
The major protein bands, as determined by SDS-PAGE are similar to those
described by La Peyre et al. (1995c). In both studies, P. marinus in vitro produced 17
bands and the major bands observed in each study appear to have similar molecular
weights. In this study, the 44 kDa band had a high concentration of protein in all
samples. This protein falls within the range o f proteolysis present in the gelatin gels and
since it is so prominent, it may be one of the proteolytic bands. At 17 °C, this particular
band was expressed, but its proteolytic activity appears to be altered, as shown by the lack
o f proteolysis in the substrate impregnated gels. In the 28 and 23 °C samples, the 67 kDa
band also has a high concentration o f protein, compared to the other bands. In the 17 °C
samples, the band is substantially reduced. The band is most likely not a proteolytic band,
however, since it does not correspond to the regions of proteolysis on the substrate gels.
However, this band may correspond with the p-glycosidase band reported in P . marinus
cell extracts by Ahmed and Vasta (1996).
Colder temperatures had the greatest effect on the production of proteins,
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including proteases. The cells grown at 17 °C produced some proteases and proteins that
were different from those produced at higher temperatures. Although the 17 °C cultures
produced comparable amounts o f proteases (as shown by azocasein hydrolysis), these
proteases did not appear to be able to digest gelatin in the substrate impregnated gels.
The difference between the high and low temperature cultures could be attributed to the
fact that the assays are monitoring the presence o f proteases with different substrate
specificities.

Similar results have been reported by Mateos et al. (1993). They found that

identical strains of Aeromoncis hydrophila isolated from water and fish lesions were
capable o f digesting both casein and elastase at 28 °C, but only casein at 37 °C.
Although the amount o f cell propagation at 17 °C was less than that observed at
23 and 28 °C, the per cell output o f protease was overall much higher for the 17 °C
samples. It is possible that secretion o f the proteases is highly dependent upon cell
density. One mechanism by which this might occur could be the rapid accumulation of
protease in the high density cultures. Since the parasite has a thick cell wall (Perkins,
1969), it could potentially be protected from high levels o f proteolytic substances.
However, as the proteolytic activity increases in a closed system such as a tissue culture
flask, the proteases could potentially become detrimental to the cells. As a protective
mechanism, the cells may regulate the amount o f proteolytic substances they are secreting.
Since the 17 °C cells had lower cell densities, this type of regulation may not have
occurred and proteases would continue to be secreted. Another possibility for the high
secretion rate and proteolytic activity in the 17 °C samples could be cell growth
mechanisms. In cells incubated at sub-optimal conditions, cell division is reduced
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(Gauthier and Vasta, 1995, La Peyre and Faisal, 1996) similar to the results found in the
17 °C samples. It is possible that since these cells are not using as much energy dividing,
more energy is available for the production o f proteolytic substances. In cells with a
higher growth rate because o f more favorable conditions, more energy may be diverted
towards division and less towards protease production. This statement is supported by the
observation that the CM o f the 17 °C samples produced the most proteins compared to
the other treatment CM. Since the cell densities are higher in the flasks at higher
temperatures, the overall proteolytic activity will be higher.
It is obvious that temperature plays an important regulatory role in the production
o f proteins. Temperature regulation of proteins expression is common in many classes
and types o f proteins (Lehninger et al., 1993). For instance, Kucerova and Chaloupka
(1995) suggested that in populations o f Bacillus megaterium , a cytoplasmic Ca+2dependent serine protease can act either as a heat stress or a cold stress protein. The
regulation of the synthesis of each was different. P. marinus is also capable of producing
heat shock proteins (Tirard et al. 1995). They also found that small polypeptides were
produced. However, it is not currently known if comparable cold shock proteins are also
produced. The authors suggested that under suboptimal culture conditions, the protein
synthesis machinery of the cells could be altered, thus producing proteins different from
those produced by unstressed cells. If, in this study, P. marinus cells were cold-stressed at
17 °C, a comparable scenario might have occurred and led to the observed differences in
protein expression.
Protease production o f pathogenic organisms can be affected by changes in
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temperature.

The protease production o f Aeromonas hydrophila decreased as the

temperature increased, even in strains that were adapted to grow at higher temperatures
(Mateos et al., 1993). Scott et al. (1995) found that the extracellular cysteine protease o f

Trichomonas vaginalis has a temperature-dependent release from the protozoan, declining
as temperature decreases.

These reports support the findings o f this study, indicating that

the protease expression of P. marinus is regulated by temperature.
Both laboratory and field studies have shown that water temperature has an effect
on P. marinus infections (Ray, 1954, Andrews, 1988, Chu and La Peyre, 1993, Ragone
Calvo and Burreson, 1994). In agreement with the in vivo pathogenicity data, the cells
cultured at 23 and 28 °C have the highest amount of proteolytic activity and are able to
effectively degrade gelatin gel substrates in vitro. However, at 17 °C, the ability of the
cells to degrade certain substrates appears to be reduced. This finding may indicate that
the ability of P. marinus to propagate in oysters maintained at <20 °C is controlled in part
by a reduction in certain proteolytic enzymes produced by the parasite at low
temperatures. The seasonal decreases in infection intensity that parallel temperature
decreases are well recorded (Ray, 1954, Andrews, 19S8, Ragone Calvo and Burreson,
1994). As found in this study, the growth of the parasite was decreased at lower
temperatures. However, the proteins produced at 17 °C appear to be different from those
produced at higher temperatures. If these proteins are less pathogenic, then this
phenomenon could account for the lower virulence observed in vivo at lower
temperatures.

In summary, temperature has an effect on the extracellular proteases

produced by P. marinus. At 28 °C, the proteases are most active, while at 17 °C, there
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are qualitative and quantitative differences in the expression o f these proteases.

C hapter El.

The Effects of Salinity of the Production and Expression of Perkinsus marinus
Extracellular Proteins

IN T R O D U C T IO N
Salinity an important environmental factor affecting the local distribution,
prevalence, and intensity o f infection by Perkinsus marinus, a protozoan that causes
Dermo disease in the eastern oyster Crassostrea virginica. The prevalence o f this
infection has been shown to increase significantly in high salinity (>15%) in the
Chesapeake Bay (Andrews and Hewatt, 1957, Andrews, 1988, Paynter and Burreson,
1991, Ragone and Burreson, 1993), Delaware Bay (Ford, 1996), South Carolina (Crosby
and Roberts, 1990), Mexico (Burreson et al., 1994a) and the Gulf o f Mexico (Ray, 1954,
Craig et al., 1989). Increases in salinity, such as those occurring during extended
droughts, have been implicated in the expansion o f P. marinus into previously unaffected
areas.

Moreover, at lower salinities the pathogenicity of P. marinus appears to be

diminished.

Ragone and Burreson (1993) defined 9-12 ppt as a critical range for P.

marinus pathogenic activity, below this range, mortalities in infected oysters were greatly
reduced.
Field and laboratory studies performed in vivo have been validated by a number o f
studies using P. marinus cells in vitro. These in vitro studies have also indicated the wide
range o f salinities in which the parasite can survive.

For example, Chu and Greene (1989)

reported that P. marinus presporangia could survive at salinities ranging from 4-32 ppt,
although at lower salinities the survival rate was decreased. P. marinus also has the ability
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to osmoregulate in a wide range o f salinities. Burreson et al. (1994b) cultured P. marinus
merozoites at 22 ppt and then transferred them to media with salinities that ranged from
22 ppt to 0 ppt. They found that cell viability decreased with decreasing salinity,
especially at salinities below 12 ppt. However, if P. marinus cells were first acclimated to
low salinities, and then subjected to hypo-osmotic shock, these cells survived abrupt
changes in osmolalities while cells acclimated at 22 ppt did not (O’Farrell, 1995). Based
on the results o f O ’Farrell (1995), it was evident that P. marinus had the ability to
osmoregulate, as well as adapt to survive at low salinity.

Perkinsus marinus proliferation is elevated at high salinities. Evidence from in
vitro studies suggests that salinity may control proliferation o f the parasite. Optimal
growth o f Perkinsus-\ cultures (La Peyre et al., 1993) was at 24 ppt, compared to cells
grown at 14 or 34 ppt (La Peyre and Faisal, 1996). Similar results were found using
other P. marinus culture isolates (Dungan and Hamilton, 1995, Gauthier and Vasta,
1995).
Despite the belief that the prevalence o f P. marinus in local areas depends to some
extent on salinity, the mechanisms by which salinity influences the pathogenesis of the
disease are unknown. Several hypotheses have been proposed, including that infections
impair the physiology and biochemistry o f oysters, decreasing their osmoregulatory
capabilities (Paynter et al., 1995, Paynter, 1996). Another hypothesis is that increased
salinities may favor the growth o f P. marinus. This suggestion is supported by field data
(Andrew’s, 19SS, Ragone and Burreson, 1993, Burreson and Ragone Calvo, 1996), as well
as in vitro growth studies (Gauthier and Vasta, 1995, Dungan and Hamilton, 1995, La
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Peyre and Faisal, 1996). Oyster defenses may also be compromised by higher salinities
(Chu and La Peyre, 1993, Chu et al., 1993)

Perkinsus marinus has been shown to produce a number o f proteolytic enzymes
(La Peyre et al., 1995c, La Peyre and Faisal, 1995) and the role these enzymes play in the
virulence o f the parasite is currently being investigated (La Peyre et al., 1996). Little is
known about the effects o f environmental factors on the production and expression of P.

marinus proteases. The role o f P. marinus extracellular proteins in the pathogenicity o f
the disease is currently not understood. It is therefore important to determine whether
salinity alters the expression and activity of P. marinus proteases. Since salinity appears to
be important in the pathogenesis o f this disease, the primary objective o f this study was to
determine if salinity affects the production and expression o f P. marinus proteases in vitro.

METHODS

Culture of P. marinus

Perkinsus marinus isolates established by La Peyre et al. (1993) were used for
these studies. The culture procedure and medium were described by La Peyre and Faisal
(1996) with some modifications. Cell cultures were established in BSA-free JL-ODRP-1
medium with seawater - synthetic basal salt mixtures (Sigma, St. Louis, Mo) of the
following concentrations: 10, 20, 30 and 40 g/1 (Table 1). The protozoa were acclimated
in these culture conditions for a year before use in this study. The cultures were
incubated at 27° C in a humidified chamber in the presence of 5% C 0 2 tension.
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Table 1. Salt composition and osmolality o f BSA-free JL-ODRP-1 media for salinity
study
Synthetic salts
(g/o

10.0

20.0

30.0

40.0

Sodium
bicarbonate (g/1)

2.0

2.0

2.0

2.0

Potassium
Chloride (g/1)

0.103

0.161

0.218

0.273

Osmolality
(mOsm/kg)

372+1

661 ±2

963±2

1273±1

Salinity
equivalent (ppt)

12

22

32

42
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For this study, three flasks per salinity treatment were established; each was
seeded at 2.5x107 cells/flask in 25 ml of media. Conditioned medium (CM) was
collected weekly from each flask at each salinity (1.5 ml) for 4 weeks. Cell density was
obtained using a Bright-Line hemacytometer (Reichert, Buffalo, NY). Cell viability was
assessed weekly using neutral red stain (Sigma Chemical Co., St. Louis, MO). The cell
free CM was obtained by centrifugation of the CM at 800 g for 15 min. The supernatant
(CM) was collected and frozen at -20°C until assayed.

Protease Activity - Spectrophotom etric Assay
Protease activity of the CM was assayed spectrophotometrically in triplicate
according to the method of Sarath et al. (1989), using the substrate azocasein. One unit
of protease activity was defined as the amount of enzyme required to produce an
absorbance of 1.0 in a 1 cm cuvette under the assay conditions.

Substrate Gel Electrophoresis
Substrate gel electrophoresis of P. marinus CM was performed using an 8%
resolving gel containing 0.2% gelatin (g protein / 100 ml), as recommended by La Peyre
et al. (1995c).

Bicinchoninic (BCA) Protein Assay
Protein concentrations were measured using a BCA protein assay reagent kit
according to the manufacturer’s protocol (Pierce Chemical Co., Rockford, IL).
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Sodium Dodecylsulfate-Polyacrylam ide Gel Electrophoresis (SDS-PAGE)
Samples for electrophoresis were mixed in a ratio of 3:2 with SDS-PAGE sample
buffer,

heated for 5 min at 95° C and applied to the gel, following the method of

Laemmli (1970), as modified by La Peyre et al. (1995c).
The protein bands were then analyzed with a densitometer (Integrated Separation
Systems, Natick. MA), and the ratio to total protein was assessed. The amount of protein
loaded in each well o f gel varied since the proteins were loaded in their native form. The
protein concentration o f the 10 g/1 samples was 2.51+0.40 mg/ml. The 20 g/1 samples
had a concentration of 1.91+0.68 mg/ml. The 30 g/1 sample concentration was 2.11+0.55
mg/ml and the 40 g/1 sample concentration was 1.90+0.41 mg/ml.

Statistical Analysis
Statistical analysis was performed using Sigma Stat™ software (Jandel Scientific;
San Rafael, CA). Means and standard deviations were calculated. Differences between
treatment groups in the cell density and protease activity studies were analyzed using a
one way analysis of variance (ANOVA). If the equal variance test failed, a Kruskal Wallis one way ANOVA was performed. When P<0.05, a Student-Neuman-Keuls (SNK)
all pairwise multiple comparison test was used to determine the significance of difference
between samples.
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R ESU LTS

Growth of P. marinus in vitro
The density o f P. marinus cells increased greatly over the four week sampling
period (Fig. 1). The initial seeding density was lxlO6 cells/ml. Within the first week, the
density had increased 44-fold in the 30 g/1 samples, 43-fold in the 20 g/1 samples, 37-fold
in the 40 g/1 samples and 3 1-fold in the 10 g/1 samples. There was a significant difference
between the groups (P<0.01) and the growth in both the 20 and 30 g/1 samples was
significantly higher than in the 10 g/1 sample (P<0.05), but not different from the 40 g/1
sample. After the first week, the rate o f growth was decreased. Overall, the 20, 30 and
40 g/1 samples had higher growth rates than the cells in the 10 g/1 flasks. There were no
significant differences between the samples during weeks two and three. After four weeks
the 20 g/1 cells increased 59-fold, the 30 g/1 cells increased 54-fold, the 40 g/1 cells
increased 41-fold and the 10 g/1 cells increased 34-fold from the original seeding density.
There was a significant difference between the samples (P=0.001). The 20 and 30 g/1
samples were significantly higher than the 10 g/1 samples and 40 g/1 samples (P<0.05)

Proteolytic Activity of T re a tm e n t Groups
The proteolytic activity o f the conditioned media (CM) collected weekly from
each flask in the salinity study generally increased over time (Fig. 2). At time zero, all four
salinity treatments had similar proteolytic activities, but by week three, there was a
significant difference in the proteolytic activity between the samples (P=0.0036). The 30
and 40 g/1 samples had higher activities than the 10 g/1 samples (P<0.05) but there was
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Figure 1. Effects o f salinity on growth o f Perkinsus marinus in vitro. Flasks were
seeded with lxlO 6 cells/ml. Three flasks were sampled for each salinity tratment (N=12).
The viability in all flasks was >99%. The data are expressed as mean ± standard deviation.

10g/L
20 g/L
30 g/L
40 g/L

7

6

Cells I ml x 10

5

4

3

2

1

0
0

1

2

Weeks of Incubation

3

4

53

Figure 2. Effects o f salinity on proteolytic activity (A440 ) o f Perkinsus marinus
conditioned media using azocasein as a substrate. Three flasks were sampled for each
salinity treatment and then three replicates per sample were measured (N=27). The data
are expressed as mean ± standard deviation.
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no difference in activity compared to the 20 g/1 samples. The 30 and 40 g/1 samples
increased about 1.5 and 1.7-fold respectively. The other samples did not have a
substantial increase during this time period.

Overall, the proteolytic activity in the CM

increased from 0 U/ml to 0.76+0.02 U/ml, to 0.85+0.3 U/ml, to 1.37+0.3 U/ml and
1.23+0.01U/ml in the 10, 20, 30 and 40 g/1 samples respectively.

At week four, the

samples had a significant variance from each other (P<0.001). The 30 and 40 g/1 samples
were significantly higher than the 10 and 20 g/1 samples (P<0.05).
When the proteolytic activity / cell was analyzed, the 40 g/1 samples produced the
greatest amount o f protease (3.01xl0'8+ 0.60xl0's U/cell) at the end of the four week
sampling period (Fig. 3).

The 20 g/1 samples produced the lowest amount o f protease per

cell (1.4xl0'8+0.3Sxl0'8 U/cell) at week four.

Statistical analysis did not indicate any

significant differences between the samples at any week, however, the cells with higher
growth rates produced lower proteolytic activities per cell than those with lower growth
rates.
When the CM samples were electrophoresed in gelatin impregnated gels, the 30g/l
and 40 g/1 samples digested the gelatin at w^eek two (Fig. 4, Table 2). The 40 g/1 CM
produced the brightest and clearest bands, indicating the high activity of proteases in
these samples. In the 30 and 40 g/1 samples, six bands were visible at week four. The 20
gd samples had noticeable gelatin digestion at week three and week four. The bands in all
gels ranged in molecular weight from 38-55 kDa. The CM from 10 g/1 cultures showed
little ability to hydrolyze the substrate, even at week four. An area with a slight amount o f
gelatin degradation without the formation of definitive bands was observed, but it was not
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Figure 3. Effects o f salinity o f per cell proteolytic activity o f Perkinsus marinus. The per
cell proteolytic activity was calculated by dividing the proteolytic activity by the cell
density. Three flasks were sampled for each salinity treatment (N=12). The data are
expressed as mean ± standard deviation.
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Figure 4.

Substrate gel analysis o f proteolytic activity produced by Perkinsus marinas in

vitro over a four week period. Conditioned media samples from 10 g/1 (A), 20 g/1 (B), 30
g/1 (C), and 40 g/1 (D) cultures were incubated for 1 (I), 2 (II), 3 (III) and 4 (IV) weeks
and electrophoresed in SDS-PAGE gels impregnated with gelatin. Gels were incubated
for 2 hat 37 °C.

MW
200
—

116 97.4 —
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Table 2. Number o f proteolytic bands present in gelatin impregnated SDS-PAGE by
Perkinsits maritms conditioned media.
Weeks P. marimts grown in
culture

2

J*■»

4

Number o f proteolytic bands

Salinity treatment
(g/1 sea salt)

0’

10

2

20

4

30

5

40

0

10

5

20

5

30

5

40

0

10

5

20

6

30

6

40

* Proteases present were in the approximate range o f 38-55 kDa. Gels were incubated for
2 h at 37 °C (N=3).
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possible to determine if these were true bands of proteolysis. In order to determine if
these were actual proteolytic bands, as well as determine if other weakly expressed
proteases were present, the CM samples were incubated in a substrate gel for 24 hours at
37 °C (Fig. 5). With this incubation, higher molecular weight bands o f proteolysis were
evident. In the 30 and 40 g/1 samples, there were three bands at the approximate
molecular weights of 170, 142 and 120 kDa, as well as the previously recorded 6 lower
molecular weight bands. The 20 g/1 sample had 6 bands present, as well as a 170 kDa
band. The 10 g/1 sample also had a faint band apparent at 170 kDa, as well as four lower
molecular weight bands at the approximate molecular weights of 58, 56, 52 and 44 kDa.

Detection of ECP by SDS-PAGE
SDS-PAGE analysis o f the CM collected during week four from each flask and
silver staining revealed the presence o f 18 bands in each treatment ranging in molecular
weight from 2S to 94 kDa (Fig. 6). Locations of bands in the 20, 30 and 40 g/1 samples
were identical, however, differences in the percentage of proteins present in certain bands
occurred (Table 3). In contrast, the 10 g/1 samples exhibited differences in the protein
banding pattern. For example, three bands were present at 49.5, 38, and 35 kDa which
were not expressed at the higher salinities, while three bands not apparent in the low
salinity samples (83.5, 33, and 32 kDa) were evident in the other samples. The 94 kDa
protein had a substantially higher percentage o f protein (8.4+ 1.34%) compared to the
other samples.
The major differences in band concentrations in the 87 kDa band in the 10 g/1 and
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Figure 5.

Substrate gel analysis o f proteolytic activity produced by Perkinsus marinus

in vitro. Conditioned media samples from 40 g/1 (A), 30 g/1 (B), 20 g/1 (C), and 10 g/1 (D)
and (E) cultures were incubated for 4 weeks then electrophoresed in SDS-PAGE gels
impregnated with gelatin. Gels were incubated for 24 h at 37 °C.
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Figure 6.

SDS-PAGE analysis o f extracellular proteins by Perkinsus mcirinns in vitro.

Conditioned medium samples were from cultures incubated at 10 g/1 (A), 20 g/1 (B), 30 g/1
(C) and 40(D ).
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T ab le 3. Densitometric analysis o f molecular weights and total protein valules o f
Perkinsits marinus extracellular proteins following four weeks o f incubation.
Percent o f total
protein in band*"'
Molecular weight
(kDa)*

10 g/1

20 g/L

30 g/1

40 g/1

94

8.4

1.9

2.15

0.95

89

3.1

3.3

2.45

0.95

87

4.8

4.1

2.95

2.0

5.9

4.6

2.95

83.5

v

76

2.6

3.1

3.7

4.9

64

9.4

13.4

12.6

11.8

60

3.3

2.1

1.9

0.80

56

5.9

4.4

4.0

2.0

51

3.3

4.3

7.9

10.6

49.5

5.1

48

8.6

7.9

7.3

6.5

46.5

8.2

7.4

5.5

6.0

43.5

7.3

13.9

18.2

22.9

40

5.7

7.8

10.0

10.5

38

9.0
5.6

6.5

6.4

33

1.65

2.4

2.5

32

3.8

2.1

2.3

36
35

3.1

29

3.75

4.0

2.3

2.7

28

4.9

5.0

3.3

3.4

Shaded areas indicate no bands w ere present
M olecular w eight determ inations w ere estim ated from m arker protiens ranging in m olecular weight from 31
to 200 kDa.
" The percent o f protein in each band w as calculated by pg protein per bands / pg protien loaded in each well x
100 .
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20 g/1 samples, which had higher percentages o f protein (4.8+0.42, 4.05+0.21%) than the
30 or 40 g/1 samples (2.95+0.49%, 2.0+0.85%). In the 40 g/1 samples, the protein present
in the 83.5 kDa band (2.95±1.63% ) was less than in the 20 g/1 samples (5.85+0.64%).
The 76 kDa band in the 40 g/1 samples had a higher percentage o f protein (4.9+0%) than
in the 10, 20 and 30 g/1 samples (2.6±1.7, 3.05+1.20%, 3.7±1.27%). The 60 kDa band
had a difference in the percent protein between the 20 g/1 (2.05+0.21%) and the 40 g/1
(0.8+0.42%). The 40 g/1 samples had a lower percentage o f protein (1.95+0.78%) than all
o f the other samples at the 56 kDa band. The protein levels in the 30 and 40 g/1 samples
(7.9+1.7%, 10.6+3.3%) were much higher than in the 10 and 20 g/1 samples (3.3+0.14%,
3 .3+1.13%) in the 51 kDa band . In the 48 kDa band, the 10 g/1 and 40 g/1 samples
showed differences (8.6+0.35% and 6.45+0.64% respectively). The 10 g/1 sample had a
much lower percentage o f protein in the 43.5 kDa band (7.3+0.14%) than in the other
samples. The 10 g/1 and 20 g/1 samples had less protein in the 40 and 36 kDa bands
(5.7+1.56% , 7.75+0.07% in the 40 kDa band and 3.25+0.21% , 5.55+0.35% in the 36
kDa band) than in the other samples. In the 28 kDa band, the 10 and 20 g/I samples had
higher percent proteins (4.9+0.28%, 5.0+0.14%) than in the 30 and 40 g/1 samples
(3.3±0.71%, 3.35+0.35%).

DISCU SSIO N
This study indicates that protease production in P. marimis is affected by changes
in salinity. Overall, proteases were produced over the entire range o f salinities tested,
however, protease production per cell was increased at the high salinities. These findings
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were confirmed by SDS-PAGE and substrate gel electrophoresis. Protein production in
the 10 g/1 samples was also differentially affected by salinity. These samples showed a
reduced ability to digest gelatin in the substrate gels, as well as band differences in the
SDS-PAGE samples.
Salinity differences could influence the variation in the secretion o f protein in
different cell culture media. Lodes and Yoshino (1989) found that culture conditions (e.g.
the presence or absence o f serum) affects the type and amount o f secretory proteins (e.g.
glycoproteins) released by the digenean, Schistosoma mansoni. Thus, the salinity
differences o f the media in this experiment could be causing this effect in P. marinus.
Another explanation for the protein differences cound be from extracellular glycoproteins
secreted by the parasite. For instance, Leishmania donovani secretes six to seven
glycoproteins (Decker-Jackson and Honigberg, 1978). Faisal et al. (1995b) reported the
presence o f N-Iinked carbohydrates (glycoproteins) in the purified proteases o f P.

marinus under reduced and non-reduced conditions. The presence of vV-glycoslylation and
disulfide bridges may make the electrophoretic mobility dependent on acrylamide
concentration, reduction and/or boiling o f the sample, as described by Martinez and
Cazzulo (1992) for the Trypanosoma cnizi protease.

In this study, it is possible that the

slight differences in the placement o f the 10 g/1 bands could be attributed to a variance in
the N-linked carbohydrates.
The differences in protein production could also be attributed to the effects o f
salinity on the ability o f P. marinus to produce certain proteins. The cells grown at low
salinity may have to adjust their protein production in order to counteract osmotic
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stresses.

If the 10 g/1 cultures were stressed in this study, it is possible that they produce

a stress protein. These types o f proteins have been identified in P. marinas intracellularly
(Tirard et al., 1995). When a pathogen enters a host, it is exposed to a number o f
environmental changes that can cause a stress response (Murray and Young, 1992).
These stress- related proteins have been characterized for microorganisms that were
exposed to temperature changes (Linquist and Craig, 1988). Some o f the identified stress
related proteins, e.g. ubiquitin, can change the chemical nature o f some cellular enzymes
(Craig et al., 1993). It is not known, however, if a similar process exists when P. marinus
is subjected to severe environmental changes.

These proteins could be important in the

ability o f P. marinas to survive a wide range o f salinity conditions.
A direct effect o f salinity on P. marinas could also be attributed to activation or
deactivation o f certain enzyme systems at lower or higher salinities. Salinities o f 20 to 30
g/1 favor parasite growth and multiplication, w'hich is in accordance with the findings o f La
Peyre and Faisal (1996). Despite the fact that the 40 g/1 culture conditions did not favor
cell growth as much, it did favor protease production. It is probable that the cells are
osmotically stressed at high salinity and much o f their energy is expended osmoregulating.
The nutritional requirements o f this parasite under stressful conditions are also unknown,
but it is possible that with energy diverted towards osmoregulation, additional nutrients
are required. The parasite may then release additional proteases to digest nutrients present
in the medium. Studying the effects o f osmotic stresses on Leishmania major
promastigotes, Blum (1991) found that as the osmolality increased, i4C 0 2 production
greatly decreased. He suggested that hyperosmotic stress could result in inhibition of
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mitochondrial oxidation, which could then prevent the utilization o f cytoplasmic arginine
(an amino acid essential for osmoregulation).
In this study, the proteolysis in the gelatin gels was the most defined and clearest in
the 40 g/1 samples. These samples also produced the greatest concentration o f proteins in
a number o f bands, significantly, these bands were primarily in the range o f the protease
bands. These results indicate that the 40 g/1 samples are producing the most proteolytic
proteins compared to the other samples. It is possible that as the salt concentrations
increase, the protease becomes more active. The proteolytic activities o f the purified
protease(s) o f P. marinus are stimulated by increased concentrations o f the salts M g S 0 4,
CaCl2, and KC1 (Faisal et al., 1995b). The same scenario may be occurring in the higher
salinity samples in this study. It is not known if the proteolytic bands indicate there is one
enzyme causing proteolysis or multiple enzymes. The results of Faisal et al. (1995b)
suggest that there is more than one proteolytic enzyme since there were differences in
substrate gel degradation when P. marinus proteases were assayed on gels with different
kinds o f substrates. In contrast to the 40 g/1 samples, there was no band development on
the substrate gels o f the 10 g/1 samples when incubated for two hours despite
demonstratable proteolytic activity. There were similar findings at low temperatures,
indicating that certain environmental conditions may indeed play a role in the activation or
inactivation o f these enzymes.
Changes in the salinity o f the culture medium is associated with changes in the
ability o f P. marinus to produce proteases. There also appears to be an increase in the
activity o f these proteins at higher salinities. The nature o f enzyme expression has been
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reported to change under environmental stresses (M ateos et al., 1993). The differences
may be attributed to stresses o f the cells at lower osmolalities, as the cells put less energy
into growth and possibly direct most o f their energy towards osmoregulation (O ’Farrell,
1995). These data are supported by reports that the parasite is less active at lowrer
salinities (Chu and Greene, 1989, Ragone and Burreson, 1993). Although extracellular
proteases appear to be less active at lower salinities, more thorough characterization o f the
secreted proteins is essential. It is necessary to determine the link between environmental
factors, including salinity and its effect on both the host and the virulence factors o f the
parasite.

Chapter III.

The Effects of Perkinsus m arinus Extracellular Proteases on Specific Cellular and
Humoral Defenses of the Eastern Oyster (Crassostrea virginica)
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INTRODUCTION
One o f the primary factors contributing to the decline o f eastern oyster

(Crassostrea virginica) populations in the Chesapeake Bay and Gulf o f Mexico regions is
the protozoan parasite Perkinsus marinus (Apicomplexa). La Peyre et al. (1995c)
discovered that P. marinus produces a number o f extracellular products (ECP) in vitro
which degrade a variety o f proteins, including some found in oyster plasma. Biochemical
analyses have shown that P. marinus ECP contain multiple serine proteases (La Peyre et
al., 1995c). The importance o f these extracellular proteases in the pathogenesis o f Dermo
disease is currently unknown.
Parasite associated proteases have been reported to play an important role in
pathogenicity o f protozoal diseases (North et al., 1990, M cKerrow et al., 1993).
Specifically, some o f these proteases have been found to act by compromising humoral
and cellular host defenses. Humoral factors such as immunoglobulins, cytokines and
cecropins are cleaved or inactivated by parasite proteases (Jarosz and Glinski, 1990,
Kharazami, 1991, Smith et al., 1993). Parasite proteases can also inhibit the functions of
monocytes (e.g., chemotaxis, chemiluminescence), natural killer cells, and T lymphocytes
(Kharazami, 1991, Kharazami and Nielsen, 1991). Molluscan parasites produce protein
factors that suppress hemocyte activities such as chemokinesis and superoxide production
(Connors and Yoshino, 1990, Lodes and Yoshino, 1990, van der Knapp and Loker,
1990).
Several studies have indicated that P. marinus infections affect both cellular and
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humoral host defenses. In early stages o f the infection, oyster hemocytes attempt to
encapsulate P. marinus, but as the infection progresses, hemocytes are lysed and the
capsules disappear (Mackin, 1951, Perkins, 1976b). M oreover, chemiluminescent
response (CL) to zymosan or Escherichia coli increased significantly in hemocytes
collected from heavily infected oysters (Anderson et al., 1992, 1995, La Peyre, 1993).
However, P. marinus merozoites do not elicit any CL response in hemocytes (La Peyre,
1993, La Peyre et al., 1995a, Volety and Chu, 1995). In fact, Volety and Chu (1995)
suggested that P. marinus actually suppressed the release o f reactive oxygen species from
oyster hemocytes stimulated with zymosan. Plasma lysozyme activity and
hemagglutination titers also decreased in oysters heavily infected with P. marinus (La
Peyre, 1993). The mechanisms o f immunomodulation by P. marinus infections in oysters
remain to be elucidated. Therefore, this study was designed to investigate if P. marinus
ECP and purified proteases influence oyster defenses in vitro, namely hemocyte motility,
plasma lysozyme activity and hemagglutination.

METHODS
Oysters and Hemolymph Collection
Eastern oysters (n=150, Crassostrea virginica) were obtained from an area known
to be free o f P. marinus (Pemaquid Oyster Co., Waldoboro, Maine). The oysters were
maintained in a 700 liter tank filled with 1 pm-filtered estuarine water (York River, VA,
22 ppt) at 25° C. Oysters were notched on the edge o f the shell closest to the adductor
muscle. Approximately 1 ml o f hemolymph was withdrawn from the muscle sinus using a
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27 gauge needle and was immediately placed in an ice bath. Hemolymph samples from 35 oysters were pooled and hemocyte density measured with a Bright-Line hemacytometer
(Reichert, Buffalo, NY). Hemocyte densities were then adjusted to 2 x l0 5 cells/ml and
these samples were used in hemocyte motility experiments. For the lysozyme and
hemagglutination experiments, pooled hemolymph samples were centrifuged at 400 g for
15 min at 4° C. The supernatants were collected, centrifuged again at 2400 g for 15 min
at 4° C and the final supernatants (plasma), were used the same day in lysozyme and
hemagglutination assays.

Preparations of extracellular proteins and cell lysates

Perkinsus marinus was propagated using the protocol and growth medium
described by La Peyre et al. (1995c). P. marinus cell cultures (2.5xl07cells 25 / ml) were
incubated at 28 °C in BSA-free JL-ODRP medium.

Culture media were collected 6

weeks post-seeding and centrifuged at 800 g for 15 min. The extracellular proteins (ECP)
in the cell-free culture supernatants (i.e., conditioned media) were then concentrated using
M acrosept™ 10k concentrator units (Filtron, Northborough, MA). For the hemocyte
motility experiments, the concentrated ECP samples were resuspended in artificial
seawater (ASW, 22 g/1, Marine International Inc., Baltimore, MD) with Macrosept™ 10k
concentrator units in order to reduce possible interference with yeastolate ultrafiltrate
(<10 kDa) present in the culture medium.

Perkinsus marinus cell lysates (1x10s cells / ml) were prepared by first rinsing and
resuspending cells in ASW three times. The cell suspensions in ASW were then freeze-
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thawed 5 times and centrifuged at 2400 g for 15 min. The supernatants (lysates) were
finally filtered through a 0.22 jam syringe filter and frozen until use.

Purification of Serine Protease(s)

Perkinsus marinus cell cultures (2.5x107cells / 25 ml) were incubated at 28 “C in
BSA-free JL-ODRP media for four weeks, then the protease(s) were purified by the
procedures of Irvine et al. (1993), as modified by Faisal et al. (1995b). Briefly, the
conditioned medium (CM) from the cultures was concentrated 30-fold using
ultrafiltration through Macrosept™ 10 kDa concentrators (Filtron) at 4°C. The
concentrate was then dialysed three times against 50 mM ammonium acetate buffer
containing 10 mM CaCl2 and 10% (vv/v) sucrose (pH 6.5) at 4 °C for 18-24 hr.
In order to purify the protease using affinity chromatography, bacitracin was
coupled to cyanogen bromide-activated sepharose according to the manufacturer's
guidelines. (Pharmacia Biotech Inc., Piscataway, NJ). A column of bacitracin-sepharose
(10.5 cm x 1.5 cm) was washed with equilibrium buffer (50 mM ammonium acetate, pH
6.5, 10 mM CaCl; , 10% (w/v) sucrose). Concentrated conditioned media (10.5 ml) was
then applied to the column at a flow rate of 0.25 ml/min, then washed with 88 ml of
equilibrium buffer, at a flow rate of 0.5 ml/min. The elution buffer (198 ml) was added
(50 mM ammonium acetate, pH 6.5, 10 mM CaCl2, 10% (w/v) sucrose, 1M NaCl, 12%
(v/v) isopropanol), at a rate of 0.5 ml/min. The column was washed with 44 ml of
equilibrium buffer (0.75 ml/min). Fraction volumes of 1.5 ml were collected and
analyzed for protease activity against azocasein using the spectrophotometric assay
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(described below). The protein content was determined by absorbance at 280 nm. The
collected fractions were pooled acccording to protein content versus the specific protease
activity, and dialysed at 4°C against four volumes of equilibrium buffer using
Macrosept™ 10 kDa concentrators (Filtron).

All of the fraction pools were analyzed

using SDS-PAGE (Laemmli, 1970, La Peyre et al., 1995c), gelatin impregnated SDSPAGE (La Peyre et al. 1995c), the azocasein protease assay (see below), and the
bicinchoninic (BCA) protein assay (see below). The purity of the protease was
ascertained using SDS-PAGE. The specific activity of the protease was determined by
multiplying the U/ml of proteolytic activity by the ml of the pooled fraction. The
proteases were then frozen until use. For the experiments, the purified proteases were
resuspended in ASW as described previously.

M easurement of Protein Concentration- BCA Protein Assay
Total protein concentrations of the ECP and purified protease samples were
measured using a BCA protein assay reagent kit (Pierce; Rockford, IL) according to the
m anufacturer's protocol.

Protease Activity - Spectrophotom etric Assay
The protease activities of the ECP samples and the purified proteases were
assayed spectrophotometrically according to the method of Sarath et al. (1989), using
azocasein as a substrate. One unit of protease activity was defined as the amount of
enzyme required to produce an absorbance of 1.0 in a 1 cm cuvette under the conditions
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of the assay (Sarath et al., 1989).

Hemocyte M otility Assay
Hemocyte motility was determined by measuring the movement o f hemocytes
across a micro-porous filter using Boyden chambers (Boyden, 1962). To measure
hemocyte motility, test solutions (215 pi) (e.g., ASW, ECP, purified proteases, cell
lysates) were placed in the lower wells o f Boyden chambers (Costar, Cambridge, MA).
Polycarbonate membrane filters (13 mm, diameter) with 5 pm pore size (Poretics,
Livermore, CA) were then placed on top of the lower compartments. The upper
compartments were screwed in place and hemocytes suspended in hemolymph (200pl,
2x10s cells) were loaded in the upper wells o f the chambers. The Boyden chambers were
incubated in a humid chamber for 90 min at room temperature. The filters were then airdried, fixed in methanol, stained with Hemal stain (Hemal Stain Co. Inc, Danbury, CT)
and mounted. The number o f cells on the top and bottom o f each filter in two fields o f
view were counted at 400X (Olympus; Lake Success, NY). Percent hemocyte migration
was calculated as follows: ([Number o f hemocytes migrated through filter] / [Total
number o f hemocytes]) x 100. All test solutions were run in triplicate Boyden chambers.
All experiments wrere repeated 2-4 times.
Five experiments were performed to evaluate the effects o f P. marinus secreted
products on hemocyte motility. All assays were run as stated previously. The first
experiment examined the effects o f P. marinus ECP on random hemocyte migration.
ECP samples o f varying proteolytic activity (3.37, 10.0, 19.8 U/ml) were placed in the
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lower wells o f Boyden chambers. In the next experiment, the ability o f P. marinus ECP to
counteract the stimulatoiy effects o f P. marinus cells was ascertained. P. marinus cells in
ASW (lx lO 6) were rinsed 3 times and suspended in a 1:1 ratio solution with either ASW
(positive control) or P. marinus ECP and placed in the lower wells of Boyden chambers.
In a third and similar experiment, the ability o f P. marinus ECP to counteract the highly
stimulatory effects o f P. marinus cell lysate was investigated.

In the first group of

chambers, P. marinus cell lysate, in a 1:1 ratio solution with ASW was placed in the
bottom well to stimulate motility o f the hemocytes (positive control). In another group o f
chambers 1:1 ratio solutions o f ECP (3.37, 10.0, 19.8 U/ml) and cell lysate were placed in
the bottom wells in order to test the effects o f various proteolytic concentrations o f ECP
on stimulated hemocyte migration.
In the fourth experiment, the effects o f P. marinus purified proteases on hemocyte
migration was determined. Purified proteases were placed in the lower wells o f Boyden
chambers.

The final experiment determined if P. marinus purified proteases had the

ability to suppress stimulated hemocyte migration. In the first group o f chambers, P.

marinus cell lysate, in a 1:1 ratio solution with ASW was placed in the bottom well to
stimulate motility o f the hemocytes (positive control). To test the effects o f purified
protease on stimulated migration, a 1:1 ratio solution o f protease and cell lysate was
placed in the bottom well o f another group o f chambers.

In addition, a 1:1 ratio solution

o f purified protease and ASW was placed in the bottom well o f a third set o f chambers.
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Lysozym e A ctivity Assay
Lysozyme activity was determined according to the methods o f Shugar (1952) as
modified by Chu and La Peyre (1989). Sample solutions (P. marinus ECP or purified
proteases) were mixed in a 4:1 ratio with pooled oyster plasma and allowed to incubate at
room temperature for 12 hr. A suspension o f Micrococcus lysodeikticus (Sigma Chemical
Co.; St. Louis, MO) in phosphate buffer ( 0.066 M ) was adjusted to an absorbance o f 0.7
(using buffer) at 450 nm. The sample solution combined with plasma (0.1 ml) was mixed
with 1.4 ml o f the bacterial solution.

Samples were read at 450 nm over a two minute

period, one reading every 16 seconds, on a Gilford Response™ Spectrophotom eter (Ciba
Coming Diagnostics; Oberlin, OH), and the decrease in absorbance was recorded.

All

samples were run in triplicate. Lysozyme activity was defined as the rate o f the decrease
in absorbance per minute (dA/min).
Two experiments were performed in this study. In the first experiment, ECP
samples with increasing levels o f proteolytic activity (3.40, 5.52, 11.0, 16.3, 18.9 U/ml)
were incubated with oyster plasma (n=6), and then the lysozyme activity was measured.
Uninoculated medium (BSA-free JL-ODRP) incubated with oyster plasma was used as a
control.

In a second experiment the effect of purified proteases on serum lysozyme

activity was determined (n=4). ASW incubated with oyster plasma was used as a control.

H em agglutination Assay
The effects o f P. marinus ECP and purified proteases upon oyster plasma
hemagglutination titers were determined according to the method o f Tripp (1966). For all
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assays, the sample solutions (P. marinus ECP and purified proteases) were mixed in a 4:1
ratio with oyster plasma and allowed to incubate at room temperature for 12 h. Sample
solutions were serially diluted in U-well microtiter plates and 1% suspensions o f sheep red
blood cells (SRBC; Sigma, St. Louis, MO) were added to each well. Hemagglutination
was determined by the presence or absence o f a button o f SRBC on the bottom o f the
well. The maximum titer (inverse o f the serial dilution factor) was recorded. All samples
were run in duplicate.
Two experiments were performed in this study. In the first experiment, ECP
samples with increasing levels o f proteolytic activity (3.40, 5.52, 11.0, 16.3, 18.9 U/ml)
were incubated with oyster plasma (n=5), and then the titers were measured.
Uninoculated media (BSA-free JL-ODRP-1) was used as a control. In a second
experiment, oyster plasma (n=3) was incubated with either purified protease samples or
ASW (control) and then hemagglutination titers determined.

Statistical Analysis
Student t-tests were used to analyze the effects of purified proteases on hemocyte
motility, plasma lysozyme activity and hemagglutination titers. Mann-Whitney Rank Sum
tests were used when the equal variance test failed. In the hemocyte motility studies, to
compare several treatment groups within a study, the data were first analyzed with a
Kruskal Wallis One Way Analysis o f Variance followed by Student-Newman-Keuls test
(SNK) when significant differences were found (p<0.05).

When treatment groups were

compared to the control groups, D unn’s method of multiple comparison was used instead
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o f SNK test.

Kruskal Wallis One Way Analysis o f Variance followed by Dunn's method

was used to determine the effects o f ECP on lysozyme activity. Statistical analysis was
performed using Sigma Stat™ software (Jandel Scientific, San Rafael, CA).

R E SU LTS
P u rificatio n of P. marinus E C P
After purification with bacitracin affinity chromatography, the specific activity o f
the purified protease fraction was 627.9 U, a great increase compared to the activity o f the
CM loaded on to the column (299.6 U). When analyzed using SDS-PAGE, there were 13
bands apparent in the CM, and 5 bands apparent in the purified fraction (Table 1). Using
substrate impregnated SDS-PAGE, there were 6 proteolytic bands apparent in both
fractions. Thus, the bacitracin affinity chromatography did appear to purify the proteolytic
fraction o f the CM that coupled to the bacitracin.

Effects of Perkinsus marinus E C P and Purified Proteases on H em ocyte M otility
Oyster hemocytes were highly motile and capable o f random migration (i.e.
cellular motility in the absence o f any chemical stimuli), however; ECP reduced hemocyte
migration (Fig. 1). The percent migrations o f hemocytes exposed to the 10.0 U/ml and
19.8 U/ml ECP samples (8.2±3.8% and 6.3+3.6% respectively) were significantly less
(p<0.05) than the migrations o f hemocytes exposed to ASW alone (11.6+2.7%).
Similarly, hemocytes exposed to purified proteases (3.7 U/ml) also exhibited reduced
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T able 1. Densitometric analysis o f molecular weights and relative protein values o f
Perkinsus marinus extracellular proteins (ECP) before and after purification using
Bacitracin-sepharose affinity chromatography.
Percent o f protein in band**
M olecular weight (kDa)*

Concentrated CM (3 Ox)

138

10.3

102

5.0

Purified Protease Fraction
'

'

'
6.2

97

15.1

90

10.1

66

14.3

50

9.5

45

7.2

43

9.8

41

9.2

-57.3

38

2.8

14.0

35

6.8

7.4

29

3.4

26

3.1

22

8.7

.

Shaded areas indicate no bands were present
‘M olecular weight determinations were estimated from marker proteins ranging in
molecular weight from 31 to 200 kDa.
“ The percent protein was calculated from pg protein per band / pg protein load in well x
100; 0.77 pg protein loaded in all wells.

^
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F igure 1. Effects o f Perkinsus marinas extracellular proteins (ECP) on oyster hemocyte
motility. Hemocytes (2 x 105) suspended in 200 pi o f plasma were placed in the upper
compartment o f the Boyden chamber. ECP (215 pi) with different proteolytic activities
(3.37, 10.0, 19.8 U/ml) were placed in the lower compartment. Artificial seawater (ASW)
alone was used as a control chambers. The data are expressed as percent hemocyte
migration (mean ± standard deviation).

All test solutions were run in triplicate Boyden

chambers (n=4). Two fields o f view were counted on each filter.
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motility (Fig. 2). The percent migration o f hemocytes treated with purified proteases
(6.5±2.4% ) was significantly less (p<0.0001) than migration o f hemocytes in the ASW
controls (14.0+5.9%).
Hemocyte motility was stimulated by P. marinus cells (lx lO 6). The percent
migration o f hemocytes exposed to P. marinus cells (19.4+ 3.1%) was significantly
greater (p<0.05) than the migration o f hemocytes in the ASW controls (12.4+ 3.0%).
The greatest stimulation o f hemocyte motility occurred when lysate of P. marinus cells
was used as stimuli. Cell lysate o f P. marinus significantly increased percent migration o f
hemocytes (34.5+ 4.9%, p<0.05) compared to migration o f hemocytes exposed to ASW
(10.7+2.1% , control) or to P. marinus cells (19.4+3.1%).
When hemocytes were simultaneously exposed to ECP and P. marinus cells,
stimulated hemocyte migration was counteracted (Fig. 3). There was a trend o f decreased
hemocyte migration when ECP samples with increasing proteolytic activities were mixed
with P. marinus cells.

The percent migration of hemocytes exposed to P. marinus cells

and ECP, with proteolytic activity o f 10 U/ml (8.3+3.5%) or 19.8 U/ml (6.7+3.8% ),
were significantly less (p<0.05) than the percent migration o f hemocytes exposed to P.

marinus cells in ASW (19.4+3.1%). M oreover, the percent migrations o f these samples
were significantly lower (p<0.05) than the migrations of the control group o f hemocytes
treated with ASW (12.4+3.0%).

In contrast, the percent migrations o f the hemocytes

exposed to P. marinus cells (19.4+3.1% ) or to P. marinus cells mixed with 3.37 U/ml
ECP samples (17.2+5.6%), were significantly higher (p<0.05) that those o f the hemocytes
exposed to ASW only (12.4+3.0%) .
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F ig u re 2. Effects o f Perkinsus marinus purified proteases on oyster hemocyte motility.
Hemocytes (2 x 10s ) suspended in 200 pi o f plasma were placed in the upper
compartment o f the Boyden chamber. Proteases (215 pi) were placed in the lower
compartment. Artificial seawater (ASW) alone was used as a control chambers. The data
are expressed as percent hemocyte migration (mean + standard deviation).

All test

solutions were run in triplicate Boyden chambers (n=2). Two fields o f view were counted
on each filter.
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F ig u re 3. Effects o f Pcrkinsus marinus extracellular proteins (ECP) on the motility o f
hemocytes stimulated by P. marinus cells. In the lower compartment o f Boyden
chambers, P. marifius cells (lx lO 6 cells/ml ) and treatments o f ECP (3.37 U/ml, 10.0 U/ml
and 19.8 U/ml) were mixed in a 1:1 ratio. As a positive control, artificial seawater (ASW)
and P. marinus cells (1:1; 0.0 U/ml) were tested.

As a control, ASW alone was placed in

the lower wells o f a group o f chambers. The data are expressed as percent migration
(mean ± standard deviation).

All test solutions were run in triplicate Boyden chambers

(n=2). Two fields o f view were counted on each filter.
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Following the same trend, the stimulation o f hemocyte motility by P. marinus cell
lysate was decreased by exposure to ECP (Fig. 4). The high percent migration
(34.5±4.9%) in the chambers where hemocytes were exposed to P. marinus cell lysate
mixed with ASW was reduced significantly (p<0.05) when the hemocytes were exposed to
the 3.37 U ml (25.3±6.0%), 10.0 U ml'1 (16.7±10.8%) and 19.8 U ml*1 (9.6±5.5%) ECP
samples combined with cell lysate.
Additionally, purified proteases from the ECP o f P. marinus decreased lysatestimulated hemocyte migration (Fig. 5). The percent migration o f hemocytes exposed to
either cell lysate mixed with purified proteases (1:1) ( 16.7+4.2%) or purified proteases in
(U?
ASW (1:1) (9.1+6.7%) was significantly less (p<0.05) than the percent migration o f
hemocytes exposed to the cell lysate in ASW (1:1) (28.1+6.3%).

Effects of Pcrkinsus marinus E C P and Purified Proteases on Lysozyme A ctivity
Plasma lysozyme activity was reduced (p<0.05) when ECP were added to oyster
plasma compared to the control samples (Fig. 6). A similar trend occurred when purified
proteases o f P. marinus were combined with oyster plasma (Table 2). Compared to the
samples treated with ASW, there was a decrease in lysozyme activity in most o f the
samples in which plasma was treated with the protease.

Effects of Pcrkinsus marinus E C P and Purified Proteases on H em agglutination
T iters
Hemagglutination titers slightly decreased in the plasma samples co-incubated with
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F ig u re 4. Effects o f Perkinsus marinus extracellular proteins (ECP) on motility o f
hemocytes stimulated by P. marinus cell lysates. In the lower compartment o f the Boyden
chambers, P. marinus cell lysates and treatments o f ECP (3.37 U/m, 10.0 U/ml and 19.8
U/ml) were placed in a 1:1 ratio. As a positive control, artificial seawater (ASW) and P.

marinus cell lysates (1:1; 0.0 U ml) were tested. As a control, ASW was placed in the
lower well o f a group o f chambers. The data are expressed as percent migration (mean +
standard deviation).

All test solutions were run in triplicate Boyden chambers (n=2).

Two fields o f view were counted on each filter.
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F igure 5. Effects o f Perkinsus marinus purified proteases on hemocyte motility. In the
lower compartment o f the Boyden chambers, P. marinus cell lysates, purified proteases or
a combination o f the two solutions (215 pi) were loaded.

Artificial seawater (ASW),

placed in the lower chambers, was used as a control. The data are expressed as percent
(mean ± standard deviation).

All test solutions were run in triplicate Boyden chambers

(n=2). Two fields o f view were counted on each filter.

% Migration
40 -i
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F ig u re 6. Effects o f Perkinsus marinus extracellular proteins (ECP) on oyster plasma
lysozyme activity. Uninoculated culture medium was used as a control (0.0 U/ml).
Oyster plasma was incubated with extracellular product samples (3.40, 5.52, 11.0, 16.3,
18.9 U/ml). The results indicate lysozyme activity after 2 min. Four pools o f oyster
plasma (5 oysters in each pool) were tested. Each assay was run in triplicate. Data are
expressed as mean ± standard deviation.

Lysozyme Activity (dAbs/min)

0 .0 4 0 -i

0.035 -

0.030 -

0.025 -

0.020

0.015 -

0.010
0

3

15

Proteolytic Activity (U / ml)

24

T able 2. Effects o f Pcrkinsus marinus purified proteases on oyster plasma lysozyme
activity.

Oyster Plasma Pools1

Plasma and ASW
(AAbs/min)2

Purified Protease and Plasma
(AAbs/min)

Pool 1

.0235±.00393

.0147±.0013*

Pool 2

.026S±.0018

.0193±.0011*

Pool 3

.0117±.0010

.0103±.0012

Pool 4

.0124±.0008

.0109+. 0003*

^Indicates significant effect o f purified protease p<0.05
1 Plasma co-incubated with either artificial seawater (ASW) or purified proteases
2 Lysozyme activity (decrease in A450/min) measured 12 h post-incubation
3 D ata are expressed as mean ± standard deviation

88

P. marinus ECP. Although there were variations between the different pools o f oyster
plasma, in plasma samples incubated with ECP o f high proteolytic activity, there was a
trend o f decreased titers with increased ECP proteolytic activities (Table 3). There were
variations between the different pools o f oyster plasma, although most o f the titers were
reduced. The duplicates o f each sample were identical, thus no standard deviations were
expressed. In order to determine if the purified proteases could be the factor reducing the
titers, the effects o f purified proteases on hemagglutination were investigated. Purified
proteases also caused decreased hemagglutination titers when compared to the control
samples (Table 4).

DISCUSSION

This study has demonstrated that extracellular products of P. marinus inhibit
hemocyte motility.

This inhibition was likely caused by the proteases in ECP since

purified proteases also suppressed hemocyte migration. In order to ensure that the effects
observed were not due to the variability o f random migration, the hemocytes were
stimulated with P. marinus cells or cell lysate, then exposed to ECP or purified proteases.
Again, a marked suppression o f motility was observed.
The ability of parasite derived proteases to suppress functions o f vertebrate host
defense cells has been observed in a number o f host-parasite systems (Kharazmi et al.,
1986, Kharazmi and Nielsen, 1991). The suppression o f hemocyte activity by parasite
ECP has also been studied in certain molluscs. Hemocyte motility in the gastropod
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T able 3. Effects o f Pcrkinsus marinus extracellular proteases on the hemagglutination o f
sheep red blood cells by oyster plasma.

Hemagglutination titer1
Proteolytic activity (U/ml)
Plasma2
Pools

0.0
(ASW)

3.4

5.5

10.0

16.3

18.9

Pool 1

7

6

6

5

5

5

Pool 2

6

6

5

4

0

0

Pool 3

6

6

6

5

5

5

Pool 4

7

6

6

6

5

6

Pool 5

5

5

5

4

5

4

hem agglutination titer (2n) expressed as log2 o f the inverse serial dilution factor
causing total agglutination.
2 Hemagglutination titers o f pooled oyster plasma preincubated for 12 hr with either
artificial seawater (ASW) or P. marinus extracellular products. All pooled plasma
samples were tested in duplicate.
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T ab le 4. Effects o f Perkinsus marinus purified proteases on the hemagglutination o f
sheep red blood cells by oyster plasma.

H em aedutination titer1
Plasm a Pools2

ASW

P urified Proteases

1

8.5

5.0

2

5.5

4.5

3

6.0

4.5

hem agglutination titer (2n) expressed as log2 o f the inverse serial dilution factor causing
total agglutination.
2Pooled oyster plasma pre-incubated for 12 hr with P. marinus purified proteases. All
samples were tested in duplicate.
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(Biomphalaria glabratci) was suppressed by the excretory-secretory products o f the
pathogen Schistosoma mansoni in vitro (Lodes and Yoshino, 1990). They suggested that
the excreted products o f this digenean could be interfering with the host's defense
mechanisms and thus causing increased susceptibility to infection. A similar phenomenon
could be occurring in oysters with heavy infections. Although migration towards the
parasite was observed initially (Mackin, 1951), later in heavy infections, Perkins (1976b)
observed that the hemocyte capsules surrounding the parasites disappeared. Hence, P.

marinus proteases may be an important virulence factor in later stages o f infections in
oysters.
In this study, P. marinus ECP and purified proteases reduced two humoral
immune parameters, lysozyme activity and hemagglutination. Since the purified proteases
followed the same trend as the ECP, the proteases in the ECP produced by P. marinus
were probably responsible for the decrease in these humoral factors. Other investigators
have found that humoral factors such as immunoglobulins in vertebrates and antibacterial
factors in invertebrates can be degraded or inhibited by parasite proteases (Teixeria and
Santana, 1989, Bontempi and Cazzulo, 1990, Jarosz and Glinski, 1990). Humoral factors
o f molluscs may be important for protection against parasites (Bayne, 1990, Chu, 1988,
Olafsen, 19SS). In P. marinus infected oysters, plasma lysozyme activity and
hemagglutination titers are diminished in heavily infected oysters; however, the exact
mechanisms for these reductions are unknown (Chu and La Peyre, 1993, La Peyre, 1993).
In this study, the pools o f oyster plasma exhibited some differences in their
responses to ECP and purified proteases in both the lysozyme and hemagglutination
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studies. It is possible that these variations are attributed to different levels o f protease
inhibitors present in the plasma. Faisal et al. (1995a) found that there are protease
inhibitors present in C. virginica plasma and that plasma concentrations tend to vary from
oyster to oyster. In the lysozyme study, the plasma samples treated with ECP did not
show a dose dependant decrease in suppression of lysozyme activity. This finding may be
explained by ECP partially inhibiting the enzyme. In M ya arenaria , there are at least two
interacting binding sites on the molecule (Cheng and Rodrick, 1974, Cheng, 1983). It is
possible that there is a similar scenario in C. virginica lysozyme molecules and that the
ECP or protease is binding to one site and changing the conformation o f the other site in
such a way that it is somewhat deactivated and is unable to completely lyse bacterial cell
wall components. The partial inhibition could account for the leveled appearance o f
lysozyme activity when the plasma is exposed to ECP.
While hemocyte motility was stimulated by P. marinus cells or cell lysate, this
stimulation was counteracted by ECP and purified proteases.

ECP or proteases may have

a similar effect in vivo; they may be partly responsible for the reported failure of
hemocytes to successfully encapsulate groups o f dividing P. marinus cells (Perkins,
1976b) and for the inability o f hemocytes to degrade or expel P. marinus at high
temperatures (Mackin, 1951). At low temperatures, there are increasing experimental
data suggesting that P. marinus can be eliminated by oyster defenses (La Peyre, 1993,
Bushek et al., 1994, Ragone Calvo and Burreson, 1994, La Peyre et al., 1996).
M oreover, expulsion o f P. marinus by hemocytes is probably important since hemocytes
have been shown to cross epithelia and transport undigestible biotic and abiotic materials
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(Staubber, 1950, Tripp, 1960, Alvarez et al., 1992).
In summary, this study suggests that P. marinus is able to modulate the defenses
o f the eastern oyster, C. virginica. The parasite-secreted ECP, from which a group
proteases were purified, were found to decrease hemocyte motility, lysozyme activity and
hemagglutination titers. Purified proteases appear to be one factor(s) present in the ECP
that is able to cause these reductions in oyster defenses.
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